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ABSTRACT 

Copper and Zinc Drive Inter-Domain Structure in the Cellular Prion Protein 

Eric G. B. Evans 

The cellular prion protein (PrPC) is a membrane-anchored glycoprotein consisting of 

two domains: a flexible N-terminal domain that participates in metal binding, and a 

mainly helical C-terminal domain that converts to β-sheet structure in the course of 

prion disease.  These two domains have traditionally been thought of as non-

interacting; however, recent cellular and biophysical evidence has forced a 

reconsideration of this view.  Here we employ nuclear magnetic resonance 

spectroscopy (NMR), electron paramagnetic resonance spectroscopy (EPR), and 

fluorescence resonance energy transfer (FRET) to investigate inter-domain structure 

in PrPC in response to metal binding.  We develop a new strategy for probing domain-

domain interactions in PrP that employs the genetic incorporation and labeling of the 

unnatural amino acid pAcPhe.  Through 1H-15N HSQC NMR experiments on full-

length and truncated PrP constructs, we demonstrate a novel tertiary fold in which the 

Zn2+-bound octarepeat domain contacts the exposed surfaces of helices 2 and 3.  

These results are supported by inter-domain distance measurements from EPR and 

FRET.  The apparent stability of this interaction is diminished in several mutant PrPs 

that result in familial prion disease, suggesting a potential role for inter-domain 

structure in disease progression.  We then examine global structure in Cu2+-bound 

PrPC using site-directed spin labeling and EPR spectroscopy.  Distance measurements 

between Cu2+, bound with high affinity to the octarepeat domain, and spin labeled 



 x

residues of the globular C-terminus reveal that the copper-bound octarepeats interacts 

with a negatively charged surface defined by helices 2 and 3.  This interaction surface 

is qualitatively equivalent to the tertiary contact site identified in the Zn2+-bound 

protein.  Our results are supported by molecular dynamics simulations and indicate 

that this cis interaction is stabilized by electrostatics.  Our findings suggest that metal-

induced tertiary structure may be a general property of PrPC, and that disruption of 

this interaction may be a contributing factor in prion disease pathology. 
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CHAPTER 1 

INTRODUCTION
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The Laughing Sickness 

 In 1957, Daniel Carleton Gajdusek, a young American medical scientist who 

was working on the Hepatitis virus in Melbourne, Australia, traveled to Papua New 

Guinea to examine a mysterious illness among the Fore tribe of the remote Eastern 

Highlands region (Asher and Oldstone, 2013).  Gajdusek got wind of the disease, 

known as Kuru, in 1955 when blood and brain samples were sent by Vincent Zigas, a 

field doctor assigned to the Eastern Highlands who suspected the disease might be 

some sort of infection.  By the time Gajdusek arrived in 1957, Kuru had quickly 

grown to epidemic proportions in many South Fore villages.  The word “Kuru” was 

derived from a Fore word meaning “to be afraid” or “to shiver”, owing to the 

observed behavior among those affected of uncoordinated voluntary movement 

(ataxia), unsteady gait, and involuntary muscle tremor (Gajdusek and Zigas, 1957).  

From these initial symptons, Kuru progressed rapidly.  Difficulty walking unassisted 

was typically followed by slurred speech, profound dementia, trouble maintaining a 

seated position, and ultimately to an inability to take in food.  Disease courses rarely 

exceeded one year from the onset of symptoms, and were invariably fatal.  Kuru 

victims often displayed inappropriate or excessive bursts of laughter, leading some 

Fore to refer to the disease as “laughing death.”   

 While it was observed that the disease predominantly affected women and 

children above the age of four, its etiology was unknown.  Examination of blood, 

urine, and cerebrospinal fluid showed nothing unusual.  Gajdusek noted a peculiar 

absence of any kind of immune response in Kuru victms that would typically indicate 
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infection.  In fact, the physical destruction wrought by Kuru was only discovered 

upon autopsy, which revealed widespread neuronal degeneration, particularly in the 

cerebellum.  Initial attempts to isolate a virus from diseased brain tissue were 

unsuccessful.  Gajdusek and Zigas attempted to treat Kuru with everything they could 

think of.  They tried antibiotics, steroids, aspirin, antihistamines, vitamins of all kinds, 

barbiturates, antiepileptic drugs, and chelation therapy.  Nothing worked. 

 More extensive examination of the brain tissue from Kuru victims revealed 

similiarities to another neurodegenerative disease in humans, known as Creutzfeldt-

Jacob disease (CJD).  CJD was first described in the 1920’s and was characterized by 

rapid neurodegeneration, with death often occurring within a few months of the 

appearance of symptoms (Kong et al., 2008).  Unlike Kuru, CJD was exceedingly 

rare, with approximately one case in a million people per year, and there were no 

reports in children (Prusiner, 2008a).  Interestingly, multiple cases of CJD had been 

observed within families, indicating a possible hereditary link.     

The Scrapie Connection 

 A key breakthrough in understanding the etiology of Kuru came about almost 

by chance when in 1959, at the suggestion of a friend, William Hadlow visited an 

exhibit on Kuru at the Wellcome Medical Museum in London (Hadlow, 2008).  

Hadlow, a veterinary pathologist, had been studying a fatal disease of sheep, known 

in England as “scrapie.”  Scrapie had been described as early as the 1730s, and was so 

named because affected sheep would often engage in episodes of scratching against 

fences or posts, causing large patches of fleece to be scraped off.  The disease would 
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arise sporadically in European flocks where it would quickly spread horizontally 

throughout the flock.  Although the cause of scrapie had been a mystery for over two 

centuries, it garnered little attention outside of sheep farmers and a handful of 

interested veterinary scientists.  

 What Hadlow saw at the London exhibit on Kuru was a remarkable similarity 

in the neuropathological features of scrapie and Kuru (Hadlow, 1995).  Both diseases 

displayed intense neuronal loss and astrocytosis with little, if any, inflammation; 

however, it was the pronounced vacuolation of neurons that Hadlow saw in the Kuru 

exhibit that interested him the most.  The presence of these vacuolated nerve cell 

bodies were, and still are, considered the neurohistological hallmark of scrapie 

(Figure 1).  The significance of Hadlow’s observation lay in the fact that scrapie was 

known to be transmissible.  He immediately hypothesized that Kuru was also a 

transmissible disease, and suggested that this could be demonstrated by intracerebral 

injection of brain tissue from a deceased Kuru victim into chimpanzees.   
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Figure 1.  Neuropathological hallmarks of prion disease 

Post mortem histopathology of brain tissue obtained from CJD-afflicted individuals.  A) 
Vacuolated neurons.  Vacuoles present as white circles.  B) Large Vacuoles.  C) Spongiform 
degeneration.  D) Astrocytic gliosis.  Tissues shown in panels A-C were stained with 
haematoxylin and eosin, and are at identical magnification.  Tissue in panel D was 
immunostained for glial fibrillary acidic protein (GFAP).  Adapted from (DeArmond et al., 
2008). 

 

 Hadlow’s prediction proved to be correct.  In 1966, Gajdusek, Gibbs, and 

Alpers reported the experimental transmission of Kuru to chimpazees (Gajdusek et al., 

1966).  As with scrapie, the incubation time of experimentally transmitted Kuru was 

long.  The infected chimps did not show signs of neurologic illness for nearly two 

years.  However, once the symptoms became visible, the similarities to human Kuru 

were astounding.  Two years later, CJD was also transmitted to chimps, and was 

therefore added to the class of diseases now known as the transmissible spongiform 

encephalopathies (TSEs).  The term “spongiform” refers to the massive loss of gray 
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matter, reminiscent of holes in a sponge, that is observed in certain areas of the brain 

in many of the TSEs (see Figure 1C). 

 With proof of transmissibility, the etiology of the Kuru epidemic in Papua 

New Guinea could now be explained.  The South Fore tribe practiced ritualistic 

cannibalism, in which deceased family members would be cooked and consumed in 

“mortuary feasts”(Mathews, 2008).  The large discrepancy in incidences of Kuru 

between males and females could be rationalized by reports that grown men rarely 

attended these ritual feasts, whereas children of both sexes would accompany their 

mothers to the rituals, thus also explaining the prevalence of Kuru in children.  It is 

believed that suppression of cannibalism by government patrols in the 1950’s 

effectively stopped the transmission of Kuru, but because of the long incubation 

times, new cases of Kuru did not begin to decline until the early 1960’s.  Subsequent 

oral transmission of Kuru to spider monkeys has lent further support to the 

cannibalism hypothesis.  For his work on Kuru, and for demonstrating the 

transmissibility of both Kuru and CJD, Carleton Gajdusek shared the 1976 Nobel 

Prize in Physiology or Medicine.  

 

The Rise of the Prion Hypothesis 

 Although the etiological mystery of the Kuru epidemic was solved, it was still 

unclear what the underlying cause of the TSE’s was.  The unusually long incubation 

times, along with the lack of an induced immune response, led to early descriptions of 

the disease agent as a “slow virus”, or an “unconventional virus.”  An early clue to 
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the unique nature of the so-called “scrapie agent” came from the accidental infection 

of some 1,500 sheep with scrapie by way of a vaccine for louping ill virus, 

subsequently found to contain scrapie-infected material (Prusiner, 2008b).  Like many 

vaccines, the louping ill inoculum had been treated with formaldehyde and heat to 

inactivate viruses or bacteria prior to injection.  The fact that so many sheep 

developed scrapie suggested that the scrapie agent was unusually resistant to such 

treatments.  Experiments in the 1960’s and 70’s by Tikvah Alper and co-workers 

using ultraviolet and ionizing radiation showed that the scrapie agent was extremely 

resistant to “germicidal” wavelengths that normally destroyed nucleic acids.  

Moreover, these experiments suggested a size of the scrapie particle that was much 

too small to be a virus, and more in line with a typical protein (Alper et al., 1978; 

1966).  Based on these clues, the mathematician J. S. Griffith proposed several 

mechanisms whereby a protein, in the absence of nucleic acid, could affect it’s own 

self-replication in a manner consistent with the known ability of scrapie to arise both 

spontaneously and through external infection (Griffith, 1967). 

 In spite of the intriguing possibility that the agent responsible for the TSEs 

was something unique in biology, there was incredibly little in the way of 

experimental evidence.  This was due, in large part, to the lack of highly purified 

isolations of the scrapie agent.  This dearth was the result of two main difficulties.  

First, the long incubation times required to know whether or not a particular isolate 

was infectious or not, typically one year in mouse-passaged scrapie, prevented rapid 

interpretation of results and design of follow-up experiments.  Second was the 
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observation that scrapie infectivity seemed to be present in a wide range of 

subcellular fractions (Prusiner, 2008b).  These problems were recognized by a 

neurologist at the University of California at San Francisco by the name of Stanley 

Prusiner, who decided to launch a targeted research campaign to discover the nature 

of the scrapie agent. 

 By developing a scrapie infectivity bioassay employing Syrian hamsters, 

Prusiner was able to decrease the time required to assay a particular isolate from 

approximately one year down to 60 or 70 days (Prusiner, 2008a).  He could then test a 

variety of purification strategies and quickly assay for which isolations were enriched 

for infectivity.  With highly enriched samples of the scrapie agent, the Prusiner lab 

unleashed a torrent of biochemical analysis and treatments, which could then be fairly 

quickly tested in hamsters.  Through these experiments, it became clear that the 

scrapie agent was not a virus, nor was it likely to contain any sort of nucleic acid.  As 

summarized in Table 1, agents known to inactive nucleic acids and viruses were 

ineffective at reducing scrapie infectivity, whereas chemicals and enzymes known to 

denature and/or degrade proteins were successful in reducing or destroying infection.  

Prusiner published these results in a landmark paper, in which he coined the term 

“prions”, for proteinaceous infectious particles, identifying them as the agents 

responsible for the TSEs (Prusiner, 1982). 
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Table 1.  Chemical and enzymatic treatment of the scrapie agent* 
Treatment Concentration RNA Viroida Scrapie Agent 
DEPC 10-10 mM + + 
NH4OH 0.1-0.5 M + − 
Psoralen (AMT) 10-500 µg/mL − − 
Phenol Saturated − + 
SDS 1-10% + + 
Zn2+ 2 mM − − 
Urea 2-8 mM − + 
Alkali pH 10 − + 
KSCN 1 M  + 
RNase A 0.1-100 µg/mL + − 
DNase 100 µg/mL − − 
Proteinase K 100 µg/mL − + 
Trypsin 100 µg/mL − + 
“+” indicates reduced infectivity. “−” indicates no change. 
a Potato spindle tuber viroid (PSTV) 
* Reproduced from (Prusiner, 2008a) 
 

 The Prusiner lab quickly discovered that the main component of the scrapie 

agent was a protease resistant protein, which they named PrP(27-30) to signify that it 

was a prion protein that ran at approximately 27-30 kDa by SDS-PAGE 

electrophoresis (McKinley et al., 1983).  PrP readily formed amyloid fibrils in vitro, 

and was subsequently found to exist as amyloid deposits in scrapie-infected brains 

(DeArmond et al., 1985; Prusiner et al., 1983).  PrP(27-30) was eventually purified to 

such an extent as to permit amino acid sequencing of the first 15 residues of the N-

terminus (Prusiner et al., 1984).  This ultimately led to the discovery that PrP was, in 

fact, a natively-encoded mammalian protein, and that the infectious PrP(27-30) was a 

truncated and protease-resistant fragment of the scrapie agent, from then on known as 

“PrP scrapie”, or PrPSc (Basler et al., 1986).  Prusiner proposed that PrPSc was a 

modified form of the normal, cellular prion protein (PrPC), thus explaining why there 
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was no immune response in the victims of Kuru, CJD, or scrapie.  PrPSc was too 

similar to the endogenous PrPC to be recognized by the immune system as foreign. 

 The prion hypothesis, as it stands today, is schematically represented in Figure 

2.  It posits that the introduction of PrPSc through prion infection illicits the 

conversion of PrPC to PrPSc, most likely by a templation mechanism.  PrPSc can then 

aggregate and exert toxicity, all the while converting more and more normal protein 

into the disease state.  In another word, “replicating.”  Alternatively, PrPC can 

undergo a spontaneous conformational change to the scrapie isoform, either through a 

chance misfolding event, as in sporadic disease, or from a genetic mutation leading to 

a protein with increased propensity to misfold, as in the case of inherited prion 

diseases.  Early support for the prion hypothesis came from a landmark study 

demonstrating that transgenic mice devoid of PrP were resistant to prion infection 

(Büeler et al., 1993).  Thus, although prions do not contain a nucleic acid, they 

require the host organism to transcribe and translate the cellular isoform in order to 

exert toxicity. 

 The work of Prusiner and others on the nature of the scrapie agent, along with 

Carleton Gajdusek’s pioneering work on Kuru, would prove to be instrumental in 

attenuating a devastating outbreak of TSE that arose in British cattle in the later half 

of the 1980’s.  Bovine spongiform encephalopathy (BSE), christened “mad cow 

disease” by the British media owing to the agitated behavior sometimes displayed by 

infected cows, appeared simultaneously in 1986 among cattle that were widely 

distributed geographically (Wells and Wilesmith, 2008).  The source of the infection 
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was quickly identified as contaminated meat and bone meal (MBM), but not before 

upwards of 1 million cattle were exposed (Prusiner, 1997).  MBM, which was a 

mixture of rendered offal of pigs, sheep, chickens and cows, was routinely fed to 

cattle in the first few weeks of life as a high-protein dietary supplement.  Recent 

changes in MBM rendering processes had likely allowed prions, either from sheep or 

cows, to escape inactivation and enter the food chain.  In the end, nearly 200,000 

cattle died from BSE in England and Ireland, with many more cattle that were likely 

infected being slaughtered before symptoms of the disease were apparent.  As in the 

spread of Kuru through ritualistic cannibalism, the practice of industrial cannibalism, 

by feeding MBM to cattle, was the source of a major epidemic of prion disease. 

 For his work on the nature of the scrapie agent, Stanley Prusiner was awarded 

the 1997 Nobel Prize in Physiology or Medicine.  According to the Nobel committee, 

Prusiner’s prize was awarded “for his discovery of prions – a new biological principle 

of infection.” 
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Figure 2.  Prion replication cycle 

The prion hypothesis states that PrPC (yellow) is converted into PrPSc (magenta) either by 
spontaneous conversion or by external inoculation with PrPSc.  PrPC is required for infectivity.  
Figure adapted from Joannamasel at en.wikipedia.org (CC BY-SA 3.0 license). 

 

 

The Cellular Prion Protein 

 For all the attention prions have garnered owing to their novel mechanisms of 

pathogenicity, surprisingly little is known about the function of the cellular prion 

protein (PrPC) in healthy tissue.  In its mature form, PrPC is approximately 209 amino 

acids in length, and consists of a flexible N-terminal domain (residues 23-121) and a 

globular C-terminal domain (~121-231) composed of three alpha helices and one 

short anti-parallel beta sheet (Figure 3) (Riek et al., 1997).  Helices 2 and 3 are 

connected through a conserved disulfide bond between cysteines 179 and 214.  PrP is 

attached to the extracellular leaflet of the plasma membrane by way of a 
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glycophosphatidylinositol (GPI) anchor, and is variably glycosylated at asparagines 

181 and 197.  Although ubiquitously expressed, PrPC is enriched at the pre- and 

postsynaptic membranes of neurons where it is believed to play a critical role in 

neuronal maintenance, neuroprotection, and metal ion homeostasis (Herms et al., 

1999; Millhauser, 2011; Steele et al., 2007). 

 

Figure 3.  Structural features of the cellular prion protein (PrPC) 

Schematic representation and molecular model of the mature prion protein.  The color scheme 
in the schematic matches that of the molecular model.  The molecular model was adapted in 
PyMOL from a GPI-anchored and glycosylated model provided by Dr. Valerie Daggett.  

 

 PrPC is capable of binding metal ions, specifically Cu2+ and Zn2+, through its 

flexible N-terminal region.  Although the precise physiological function of PrPC has 

yet to be determined, it is believed that its metal binding properties play an essential 
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role.  PrPC binds copper in vivo, and Cu2+ upregulates expression of the gene 

encoding for PrP (Brown et al., 1997; Varela-Nallar et al., 2006).  In addition, both 

Cu2+ and Zn2+ stimulate the rapid endocytosis and trafficking of PrP in neuronal cells 

through clatherin coated pits, an action that requires the metal-binding octarepeat 

domain (Brown and Harris, 2003; Hooper et al., 2008; Pauly and Harris, 1998; Perera 

and Hooper, 2001).  In addition, as shown in Figure 4, regional concentrations of 

copper, zinc, and iron in the brain correlate with PrP expression levels (Pushie et al., 

2011). 

 

Figure 4.  Influence of PrPC on brain metal content 

X-ray fluorescence detection of the metals copper (blue), zinc (green), and iron (red) in 
coronal sections from wild type mice (left), PrP knockout mice (center), and mice expressing 
PrPC in ~5-6 fold excess (right).  Neuroanatomical regions are displayed at the far left.  
Cortex (CTX), lateral ventricles (LV), hypothalamus (Hy), thalamus (TH), third ventricle 
(3V), caudate-putamen (CPu), midbrain (MB), globus pallidus (GB).  Figure adapted from 
(Pushie et al., 2011)  

 

 Both copper and zinc bind to PrPC primarily in the octarepeat region (residues 

59-90), which consists of four tandem repeats of the sequence PHGGGWGQ.  

Copper uptake is complex and depends critically on the relative concentrations of 
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copper and protein, as well as on solution pH (Aronoff-Spencer et al., 2000; 

Chattopadhyay et al., 2005; Millhauser, 2007; Whittal et al., 2008).  At pH 7.4 the 

octarepeat domain binds Cu2+ in three distinct coordination modes depending on the 

relative amounts of copper available to the peptide (Chattopadhyay et al., 2005).  At 

low copper occupancy, the octarepeat domain binds a single Cu2+ ion using all four 

histidine imidazole side chains in a square planar geometry (Pushie et al., 2014).  This 

multi-histidine coordination mode is referred to as component 3, and has a 

dissociation constant of approximately 0.1 nM (Walter et al., 2006).  As the copper-

to-protein ratio is increased, octarepeat binding transitions through an intermediate 

two-histidine binding mode (component 2) to a high-occupancy structure in which 

each individual repeat of PHGGGWGQ coordinates a single Cu2+ ion.  This high-

occupancy binding mode (component 1) coordinates copper through the imidazole 

nitrogen of histidine along with backbone amide nitrogens from the second and third 

glycine residues, and the carbonyl oxygen of the third glycine (Burns et al., 2002; 

Chattopadhyay et al., 2005).  The affinity of component 1 for Cu2+ is significantly 

less than that of component 3, with a dissociation constant of ~10 µM (Walter et al., 

2006). 

 PrP also binds copper at two sites just C-terminal to the octarepeat domain 

defined by histidines 95 and 110 (Burns et al., 2003; Jones et al., 2004; 2005).  These 

sites, referred to as the non-octarepeat sites, occur in a region of the protein that 

converts to beta-sheet in the course of prion disease and is retained in the protease 

resistant core of PrPSc (Prusiner et al., 1984).  Cu2+-binding in this region has been 
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linked to functional proteolytic processing of PrPC, and has been hypothesized to 

inhibit the formation of PrPSc (Cox et al., 2006; Mcdonald et al., 2013).  Each non-

octarepeat histidine can bind a single equivalent of Cu2+ with nanomolar to sub-

nanomolar dissociation constant, placing them roughly equal in affinity to the tightest 

binding octarepeat mode (component 3) (Nadal et al., 2009; Walter et al., 2009).  

Indeed, the first few equivalents of copper titrated into full-length PrP are distributed 

equally between component 3 and the non-octarepeat sites as detected by EPR 

(Walter et al., 2009). 

 

Figure 5.  Cu2+ and Zn2+ binding of PrP 

Divalent copper (blue) binds to the octarepeat domain as component 3 at low Cu2+-occupancy, 
and as component 1 at high Cu2+ occupancy.  At high concentrations, Zn2+ (red) can push 
Cu2+ out of the octarepeat domain and into the non-octarepeat sites.  Figure adapted from 
(Walter et al., 2007) 

 

 In contrast to copper, Zn2+ binds to PrPC with only one coordination mode, 

utilizing three or four octarepeat histidine imidazoles (Pushie et al., 2014; Walter et 
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al., 2007).  The affinity for Zn2+, with a dissociation constant of approximately 200 

µM, is much lower than it is for Cu2+.  It should be noted, however, that zinc is by far 

the more abundant metal ion in the CNS, and PrPC is believed to play a role in 

neuronal zinc homeostasis (Watt and Hooper, 2003).  Additional support for this idea 

comes from the evolutionary linkage of PrPC to a subset of the ZIP family of zinc 

transporters (Schmitt-Ulms et al., 2009). 

 More recently, PrP has been shown to exert a regulatory effect on a 

surprisingly large number of cell surface receptors, including ion channels and G 

protein-coupled receptors.  These findings suggest that PrPC may be a promiscuous 

regulator of synaptic processes with a complex, multifaceted role in neuronal 

function.  Recent work has demonstrated that PrP stimulates zinc transport into 

neuronal cells by a mechanism that is independent of endocytosis and involves direct 

interaction with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors (Watt et al., 2012).  PrP also regulates N-methyl-D-aspartate (NMDA) 

receptors, protecting against Ca2+ overload and cytotoxicity induced by prolonged 

glutamate exposure (Stys et al., 2012; You et al., 2012).  Importantly, this regulation 

of NMDA desensitization by PrP is Cu2+-dependent.   

 Several recent reports have shown compelling biological evidence that the N- 

and C-terminal domains of the prion protein may be highly interdependent.  Sonati et 

al. have reported that certain antibody-based ligands targeting the globular domain 

(GD) of PrP cause rapid cerebellar neurotoxicity (Sonati et al., 2013).  More recent 

results from this same group indicate that the downstream neurotoxic pathways 
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induced by GD ligands are similar to those observed in prion infected cultured 

cerebellar brain slices, suggesting that PrPSc and the GD ligands may have similar 

mechanisms of neurotoxicity (Herrmann et al., 2015).  Crucially, the N-terminal 

domain of PrPC is required for the observed toxicity these antibodies (Herrmann et al., 

2015; Sonati et al., 2013).  Deletion of the N-terminal octarepeats, or neutralization 

with OR-specific antibodies, abolishes the neurotoxic effects.  The authors propose 

that the C-terminal domain of PrPC acts as a regulator of the N-terminal tail, which is 

the effector domain.  The toxic ligands are therefore believed to somehow disrupt this 

regulatory ability of the globular C-terminal domain, resulting in deleterious 

interactions of the N-terminal domain and subsequent gain-of-function neurotoxicity.  

Such misregulation of the N-terminal domain has also been suggested as an 

explanation for the observed neurodegeneration and neonatal lethality of mice 

expressing central domain deletions of the prion protein (Biasini et al., 2012; Li et al., 

2007; McDonald and Millhauser, 2014; Shmerling et al., 1998).       

 The research contained within this dissertation is broadly aimed at 

characterizing, at the biophysical level, the effects of metal ions on the global 

structure of the cellular prion protein.  Chapter 2 describes the development of new 

methods to study potential inter-domain interactions in full-length, recombinant PrP.  

Chapter 3 will examine inter-domain structure in the prion protein using NMR, EPR, 

and FRET, along with electrostatic calculation and molecular dynamics simulations.  

The results are compared to several constructs representing familial prion diseases of 

humans.  Chapter 4 provides molecular details of inter-domain structure in the 
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presence of bound Cu2+ using several EPR methods and molecular modeling.  Finally, 

chapter 5 will summarize the findings of the previous chapters and the significance of 

the results will be discussed.  Some ideas for future experiments will also be 

discussed. 
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CHAPTER 2 

NEW METHODS FOR THE STUDY OF INTER-DOMAIN 

STRUCTURE IN THE CELLULAR PRION PROTEIN 



 26

Introduction 

Unstructural biology 

 Seminal work on ribonuclease folding and denaturation, carried out by 

Anfinsen and co-workers in the late 1950’s and early 1960’s, led to the so-called 

“thermodynamic hypothesis” of protein structure (Anfinsen, 1973).  This hypothesis, 

which states that the native structure of a polypeptide is the one in which the total 

Gibbs free energy is minimized and is determined entirely by the linear sequence of 

amino acids in a given environment, built the foundation for what today is known as 

the structure-function paradigm.  At the same time, the first high-resolution protein 

structures were solved by Kendrew and Perutz at Cambridge University from crystals 

of myoglobin and hemoglobin (Cullis et al., 1962; Dickerson et al., 1961; Strandberg 

et al., 2009).  These discoveries launched a golden age of structural biology that 

continues to this day, and has produced an astounding number of diverse and complex 

macromolecular structures.  As it became apparent that these unique three-

dimensional structures were intimately tied to a wide range of biological functions, 

from the unparalleled catalytic efficiency of enzymes to the complex signaling 

mechanisms of membrane receptors, the structure-function paradigm was supported 

time and time again.  As a consequence, most biochemists now consider a well-

defined structure to be a prerequisite for protein function.  The structure-function 

paradigm has thus become a fundamental tenet, a “central dogma” if you will, that 

has pervaded the field of structural biology for the better part of half a century.        
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 Only in the past 15 years has it become apparent that a number of biologically 

active proteins are unstructured under physiological conditions (Fink, 2005; Wright 

and Dyson, 1999).  In fact, current estimates suggest that up to 45% of eukaryotic 

proteins are natively unstructured, or contain sequential stretches of disordered 

polypeptide exceeding 30 amino acids (Tompa, 2012).  While some of these 

intrinsically disordered proteins (IDPs) take on well-defined structure when bound to 

partner proteins or nucleic acids, many retain significant disorder even when engaged 

in native biological interactions (Dedmon et al., 2002; Mittag et al., 2008; Oldfield et 

al., 2008; Sugase et al., 2007).  Clearly incompatible with the structure-function 

paradigm, these discoveries have led to the hypothesis that protein disorder may be a 

fundamental mechanism by which an organism can regulate a variety of cellular 

functions with minimal energy expenditure and reduced genome size (Chouard, 2011; 

Gunasekaran et al., 2003).  In this scheme, disorder can allow for a single protein or 

protein complex to interact with multiple targets while maintaining the large surface 

areas typically required for interactions with other macromolecules.   Such 

mechanisms are thought to be important for protein-protein interactions in molecules 

such as chaperones and so-called “hub” proteins, which act as scaffolds for the 

recruitment of various components in macromolecular complexes (Felli et al., 2012; 

Gunasekaran et al., 2003; Oldfield et al., 2008).  The promiscuity of IDPs is 

exemplified by the tumor suppressor protein p53, shown in Figure 6, in which long 

disordered domains allow the protein to interact with hundreds of cellular binding 

partners (Wells et al., 2008).  The surprising number of eukaryotic proteins classified 
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as intrinsically disordered suggest that, even by conservative estimates, a full third of 

all biologically active proteins in eukaryotes are inaccessible to traditional methods of 

structural biology, namely X-ray crystallography, NMR structure calculation, and 

electron microscopy (Tompa, 2012).  It follows that new methods to study these IDPs 

at the molecular level will be fundamental to interpreting and understanding their 

cellular interactions and in vivo functions. 
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Figure 6.  Model of the tumor suppressor p53 

Molecular model of the tumor suppressor protein p53 showing DNA (purple) bound to a 
representative monomer of the p53 tetramerization domain (gray).  Flexible N-terminal 
domains for the four monomers are shown in color.  Figure reproduced from (Wells et al., 
2008) 

 

Intrinsically disordered proteins and neurodegenerative disease 

 As was introduced in Chapter 1, the entire ~100 amino acid N-terminal half of 

the cellular prion protein (PrPC) is natively unstructured (Donne et al., 1997; Riek et 

al., 1997).  As it turns out, PrPC is not alone in this property of unusually high 

disorder amongst proteins linked to neurodegenerative disease.  In fact, the vast 



 30

majority of proteins implicated in human neurodegenerative disease are either 

completely disordered or possess long dynamically flexible domains tethered to a 

folded globular domain (Uversky, 2015).  A partial list of neurodegenerative diseases 

and their associated proteins is presented in Table 2.  Aside from the revelation that 

nearly all proteins considered to be causative agents in human neurodegeneration are 

IDPs, Table 2 also highlights the remarkable promiscuity of these proteins, with 

hundreds of interaction partners known in some cases.  Indeed, the same properties 

that are hypothesized to make IDPs well suited for neuronal function (multi-

functionality, promiscuity, fast adaptability to environmental changes) seem to 

predispose these proteins to misfolding and aggregation, leading ultimately to 

neuronal dysfunction and disease (Raychaudhuri et al., 2009; Uversky and Fink, 

2004). 
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Table 2.  IDPs associated with neurodegenerative disease (from Uversky, 2015) 
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 Like many neuronal IDPs, the precise function of the cellular prion protein is 

unknown.  However, PrPC function is increasingly linked to the modulation of a 

number of critical synaptic receptors, including the ionotropic AMPA and NMDA 

glutamate receptors, the ligand-gated α-7 nicotinic receptor, and the G-protein 

coupled receptors mGluR1 and mGluR5 (Linden et al., 2008; Stys et al., 2012; Watt 

et al., 2012).  Interestingly, the modulation of several of these receptors by PrP is 

dependent on the flexible N-terminal domain, and is strongly suggested to involve the 

Cu2+ and Zn2+ binding abilities of this region (Watt et al., 2012; You et al., 2012).  

Early studies revealed that the N-terminal domain is not present in the protease-

resistant core of PrPSc and is not required for susceptibility to prion infection (Basler 

et al., 1986; Flechsig et al., 2000).  These studies, combined with the lack of 

discernable structure, have led many to view the N-terminal domain as an appendage 

– a “flexible tail” – with little relevance to prion disease.  This paradigm has recently 

been challenged by several studies demonstrating an integral role for the N-terminal 

domain in PrP-mediated neurodegeneration (Dametto et al., 2015; Herrmann et al., 

2015; Lau et al., 2015; Sonati et al., 2013).  In combination, these studies reveal a 

much more complex and interdependent relationship between these two domains in 

PrP physiology and disease.  In support, several recent biophysical studies have 

suggested that the two domains of PrPC may physically interact (D'Angelo et al., 

2012; Kaimann et al., 2008; Thakur et al., 2011). 

 This chapter describes the application of two biophysical methods for 

studying the global structure of full-length recombinant PrPC in response to metal-ion 
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binding, the results of which are discussed in detail in chapters 3 and 4 of this 

dissertation.  The first method, site-directed spin labeling and electron paramagnetic 

resonance spectroscopy (SDSL-EPR), is used to probe inter-electron distances 

between pairs of nitroxide spin labels introduced at N- and C-terminal positions in 

PrP.  These distances report on domain-domain interaction, and are examined in the 

presence and absence of the physiological PrPC ligand Zn2+.  In addition, singly spin-

labeled constructs are employed to measure distances between specific residues of the 

PrPC globular domain and intrinsic Cu2+ bound to the N-terminal octarepeat domain.  

In the second method, fluorescent dye conjugates are site-specifically attached and 

inter-domain structure is probed with fluorescence resonance energy transfer (FRET).  

Both methods exploit the chemically orthogonal side chain of the unnatural amino 

acid p-acetyl phenylalanine, which is site-specifically introduced into the recombinant 

PrP sequence with state of the art genetic techniques.  Preliminary single molecule 

FRET data on full-length PrP, using both total internal reflectance (TIRF) and 

confocal single molecule methods, is also presented.     

 

Site-directed spin labeling and EPR spectroscopy 

 Nuclear magnetic resonance (NMR) spectroscopy is by far the most common 

method for structural characterization of intrinsically disordered proteins (Eliezer, 

2009; Felli et al., 2012).  While NMR is well-suited for the detection of local 

secondary structure propensities, it is not particularly good at identifying transient 
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long-range tertiary contacts involving disordered protein segments (Eliezer, 2009).  

One exception to this general rule is the paramagnetic relaxation enhancement (PRE) 

NMR experiment, in which transient interactions can often be detected by way of 

nuclear line broadening from an introduced paramagnetic species (Clore and Iwahara, 

2009).  PRE usually involves the introduction of a nitroxide spin probe, although 

localized paramagnetic metal ions, particularly Gd3+ and Dy3+, are also frequently 

employed. 

 If two paramagnetic species are present in a system, the distance between the 

spin centers can often be determined with EPR spectroscopy (Altenbach et al., 2001; 

Eaton and Eaton, 2002; Jeschke, 2012).  The most common way paramagnetic 

moieties are introduced into a proteins for EPR analysis is by the method of site-

directed spin labeling (SDSL) (Berliner et al., 1982; Fanucci and Cafiso, 2006).  

SDSL is achieved by reaction of a stable nitroxide free radical with a specific protein 

side chain, usually the free thiol group of a cysteine residue, to form a covalently 

linked radical side chain.  The unpaired electron of the nitroxide side chain then acts 

as a reporter probe as detected by EPR.  By far the most utilized SDSL reaction in 

spin labeling studies of proteins employs the methanethiosulfonate spin label 

(MTSSL), as shown in Figure 7 (Berliner et al., 1982). 
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Figure 7. MTSSL reaction 

The methanthiosulfonate spin label (MTSSL) reacts rapidly with the free thiol side chain of 
cysteine residues in aqueous solution to give the R1 side chain. 

 

In addition to providing inter-spin distances in dual-labeled systems, nitroxide spin 

probes introduced by SDSL can provide information on local secondary structure, 

solvent accessibility, membrane orientation, and tertiary contacts at or near the label 

site (Altenbach et al., 2005; Fanucci and Cafiso, 2006; Hubbell and Altenbach, 1994).  

 One of the main limitations of SDSL is the requirement for a chemically 

orthogonal functional group at the site of interest.  This is most often achieved 

through the introduction of a cysteine residue with standard recombinant DNA 

mutagenesis followed by reaction with a thiol-specific nitroxide such as MTSSL, as 

outlined in Figure 7.  However, there are many proteins for which this strategy is not 

feasible.  If the protein of interest contains a large number of native cysteines, they 

must be mutated out, one by one, leaving only the cysteine of interest available for 

labeling.  Not only does this require substantial effort in cases where many cysteines 

are present, there is also a higher chance that at least one of the necessary mutations 

will in some way disrupt the protein’s native structure, stability, or function.  This 
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possibility requires that each mutant be validated for functionality.  Moreover, many 

proteins rely on native cysteines for critical functions such as enzyme catalysis, redox 

reactivity, or metal ion binding (Fomenko et al., 2007; Giles et al., 2003).  It follows 

that modification or mutation of these active site cysteines must be avoided.  Finally, 

there are many proteins with conserved disulfide bonds (Betz, 1993).  While thiol-

specific probes will not react with cysteines involved in a disulfide linkage, the 

addition of extra cysteines into a recombinant protein can often lead to aberrant, non-

physiological disulfide formation during folding.  The cellular prion protein is an 

example of this latter case, with a conserved disulfide bond between residues C179 

and C214 that is critical for proper folding of the protein (Maiti and Surewicz, 2001).  

For SDSL-EPR to be useful across a wide range of protein systems, including those 

with biologically relevant cysteine residues such as PrPC, additional site-specific 

labeling strategies are needed.  

 

Site-specific incorporation of a genetically encoded unnatural amino acid 

 The genetic code of all living organisms encodes for the synthesis of proteins 

from linear combinations of only twenty so-called “natural” amino acids, with the 

rare exception of an additional two, selenocysteine and pyrrolysine, produced by 

some archaeal species.  Work carried out within the last 15 years, primarily by Peter 

Schultz and co-workers at the Scripps Research Institute, has more than tripled the 

number of amino acids that can be encoded by E. coli (Liu and Schultz, 2010; Wang 

et al., 2001).  These “unnatural amino acids”, or UAAs, can contain a wide range of 
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side chains with interesting and useful properties, including chemically orthogonal 

functional groups, sugars, fluorophores, cross-linking agents, metal chelators, and 

many others (Liu and Schultz, 2010).  While only E. coli-expressed proteins will be 

discussed here, the methodology is now well-established in yeast and mammalian cell 

expression systems (Chen et al., 2009; Chin et al., 2003). 

 The incorporation of UAAs into expressed proteins relies on the development 

of orthogonal tRNA / aminoacyl-tRNA synthetase (aaRS) pairs specific for the 

chosen UAA.  “Orthogonal”, in this case, means that none of the tRNAs for the 20 

natural amino acids in E. coli will be charged by the mutant aaRS and, conversely, 

that none of the 20 natural amino acids will be charged onto the mutant tRNA.  This 

is achieved by using a tRNA / aaRS pair from a non-bacterial organism, the most 

common being the archaeal species M. jannaschii (Wang and Schultz, 2001).  In 

order to site-specifically incorporate the UAA of interest, it must have a codon 

associated with it.  The solution to this problem is to use one of the three redundant 

stop codons of the genetic code: TAG (amber), TAA (ochre), or TGA (opal).  The 

general idea is that the anti-codon loop of the orthogonal tRNA, containing a 

complementary sequence for one of these stop codons, will out-compete intrinsic 

terminator tRNAs for the mRNA chain and, instead of translation termination, the 

UAA of choice will be incorporated into the growing peptide chain.  The fact that 

only ~ 7% of E. coli genes are terminated with the TAG (amber) codon make it the 

natural choice, and the UAA incorporation technique is therefore often referred to as 

“amber suppression” (Xie and Schultz, 2005a). 
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Figure 8.  Selection of mutant aaRS variants for UAA incorporation 

A general two-plasmid scheme for the generation of orthogonal tRNA / aaRS pairs for 
unnatural amino acid incorporation in E. coli.  A large library (~109) of aaRS random active 
site mutations are subjected to multiple rounds of positive and negative selection to ensure 
that only the UAA of choice is incorporated in response to the amber codon.  Figure 
reproduced from (Xie and Schultz, 2006).  

 

 Obtaining aaRS variants that are specific for the incorporation of the UAA of 

interest is achieved by generating a library of random active-site mutations, starting 

with an aaRS specific for a closely related natural amino acid, and subjecting the 

plasmid libraries to multiple rounds of positive and negative selection, as outlined in 

Figure 8.  A truly orthogonal tRNA / aaRS pair will be able to incorporate the UAA 

when it is available, and will not be able to incorporate any of the 20 naturally 

occurring amino acids when the UAA is omitted from the media. 
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 One of the earliest applications of the amber suppression technology in E. coli 

was the site-specific incorporation of p-acetyl phenylalanine (pAcPhe), which 

contains a ketone functional group on the amino acid side chain (Wang et al., 2003).  

Ketones are absent in natural amino acids, and react with hydrazides and 

hydroxylamines in aqueous solution to form covalent hydrazones and oximes, 

respectively.  Hence, pAcPhe incorporation provides a means to site-specifically label 

a protein of interest with a number of different probes, using chemistries that are 

completely orthogonal to any of the 20 natural amino acids in proteins.  Of great 

interest to us, given the difficulties of cysteine-based spin labeling of PrP discussed in 

the previous section, was the reported site-directed spin labeling of genetically 

incorporated pAcPhe in T4 lysozyme (Fleissner et al., 2009). 

 With the aim of probing inter-domain structure in PrPC, we set out to express 

full-length MoPrP containing pAcPhe at select C-terminal residues (see Figure 16A 

for labeling positions).  A general schematic of the method is shown below as Figure 

9.  We used the optimized pEVOL plasmid specific for pAcPhe incorporation, 

generously donated by Dr. Wayne Hubbell at UCLA (Young et al., 2010).  Briefly, 

pEVOL is co-transformed into E. coli along with our normal PrP expression plasmid, 

containing the TAG codon at the desired mutation site/s.  Cells are grown in media 

containing the antibiotics ampicillin and chloramphenicol, supplemented with 

pAcPhe, and protein expression is induced with both IPTG and L-Arabinose.  

Specific details of protein expression and purification are given in the methods 

sections of Chapters 3 and 4 of this dissertation, to which the reader is referred. 
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Figure 9.  E. coli expression of MoPrP containing site-specific pAcPhe 

A) Plasmids used to express PrP mutants containing pAcPhe.  The “primary” plasmid encodes 
PrP under the lac promoter and ampicillin resistance.  The “secondary” plasmid (pEVOL) 
encodes the orthogonal tRNA / aaRS pair (B) under the araC promoter with chloramphenicol 
resistance. 

 

Spin labeling of pAcPhe 

 Chemo-selective spin labeling of the ketone moiety of pAcPhe-containing 

proteins is achieved with the hydroxylamine spin label HO-4120, and the 

corresponding “ketoxime”-linked side chain is referred to as K1 (Figure 10) 

(Fleissner et al., 2009).  Although both hydrazide and hydroxylamine reagents form 

covalent bonds with ketone groups in aqueous solution, hydrazone generation by the 

former class of reagents is slow and more prone to hydrolysis, and therefore the 

oxime ligation of hydroxylamines is preferred (Dirksen et al., 2006a).  Reaction of 
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hydroxylamines with ketones is acid catalyzed, and therefore efficient reactions 

require lower solution pH values, with pH 4.0 found to be optimal (Fleissner et al., 

2009).  Fortunately, recombinant full-length PrP is stable at moderately low pH in 

low-salt solutions, and we therefore carried out spin-labeling reactions in 10 mM 

acetate buffer at pH 4.0.  It should be noted, however, that catalysis with aniline-

based compounds can significantly increase reaction rates at neutral pH, making the 

reaction accessible to proteins that cannot tolerate reduced pH (Dirksen et al., 2006b; 

Fleissner et al., 2009).  Another requirement for efficient oxime formation, as 

demonstrated by Fleissner et al. and confirmed in our laboratory, is a protein 

concentration of at least 100 µM.  Even under these optimized conditions, the 

reaction of HO-4120 with pAcPhe is still relatively slow, especially when compared 

with the rapid reaction of MTSSL with free cysteines.  Nevertheless, we were able to 

routinely achieve > 95% labeling efficiency with MoPrP constructs after 18 – 24 

hours at 37OC in pH 4.0 buffer.  Mass spectral analysis of the purified proteins 

display additions of 167 amu for each pAcPhe incorporation, corresponding to the 

addition of HO-4120 and concomitant elimination of a water molecule, as illustrated 

in Figure 10 (mass spectrometry data not shown). 
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Figure 10.  HO-4120 reaction with pAcPhe 

The hydroxylamine spin label HO-4120 reacts with the ketone of the unnatural amino acid p-
acetyl phenylalanine to form the oxime-linked K1 side chain.  The reaction proceeds 
efficiently at pH 4.0, but requires aniline-based catalysis at higher pH. 

 

Synthesis of HO-4120 

 At the time these experiments were performed, no commercial sources of the 

HO-4120 spin label existed, and we therefore synthesized the compound in-house.  

Although the synthesis of HO-4120 has been published, our experiences and 

availability of reagents led us to make several modifications to the published 

protocols, and we therefore briefly present our synthesis with an emphasis on the 

modifications made.  Unless stated otherwise, all workup procedures were performed 

as reported in the cited literature.  With the exception of the final hydrazine reaction 

to generate the hydroxylamine (see Figure 15), all reactions were performed under 

inert nitrogen atmosphere using Schlenk line techniques.  All reactions were carried 

out in anhydrous solvent purified using a solvent purification system or fresh 

distillation.   We note that at the time of writing, HO-4120 is available for purchase at 

90% purity from Toronto Research Chemicals ($150 USD/2.5 mg).   
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 The published synthesis of HO-4120 started from the methyl bromide of the 

2,2,5,5-tetramethyl-dihydropyrrole nitroxide; however, this reagent is prohibitively 

expensive for synthetic purposes and therefore must be made from less costly 

precursors.  We began our synthesis from the carboxylic acid derivative, which is 

much less expensive than bromide or alcohol derivatives and was available to us in 

gram quantities.  Our retrosynthetic analysis of HO-4120 is shown below (Figure 11). 

 

Figure 11.  Retrosynthetic analysis of HO-4120 

Retrosynthetic analysis of the aminooxy spin label HO-4120 (at left) starting from 3-carboxy-
2,2,5,5-tetramethyl-2,5-dihydropyrrole-1-oxyl and proceeding through allylic alcohol and 
phthalimide intermediates. 

 

   

Carboxylic acid to alcohol 

 Probably the most troublesome transformation en route to HO-4120 is the 

initial reduction of the carboxylic acid starting material 3-carboxy-2,2,5,5-

tetramethyl-2,5-dihydropyrrole-1-oxyl to the corresponding alcohol (Figure 12).  

Although the reduction of carboxylic acids to alcohols is generally very easy, the 

presence of the nitroxyl radical presents a challenge as it, too, can be easily reduced 

to the hydroxylamine (Gaffney, 1976).  Hideg et al. reported the reduction of 1 using 

sodium bis(2-methoxyethoxy)aluminum hydride (a.k.a Red-Al) in dry toluene.  
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However, in our hands this transformation was unsuccessful, as has been noted 

elsewhere (Hideg et al., 1980; Powell et al., 2000).  Instead, we used lithium 

aluminum hydride (LAH) in dry THF.  The carboxylic acid is preferentially reduced 

over the nitroxide, and therefore hydride must be added slowly and stoichiometrically 

(Gaffney, 1976).  Yields for this reaction are reported to decrease in excess of 2 g of 

starting material, and we therefore kept reaction scales below 2 g (Powell et al., 

2000).  Nevertheless, some over-reduction was always observed, as judged by thin 

layer chromatography (TLC).  Reduced hydroxylamine and/or amine products, as 

well as unreacted starting material, could be largely removed with repeated acid-base 

extractions during workup; however, flash chromatography (7:3 ethyl 

acetate:hexanes) was required to achieve sufficient purity.  Pure fractions of the 

alcohol, as judged by TLC (Rf = 0.31 in 3:1 ethyl acetate:hexanes), were pooled, 

evaporated, and compound 2 was crystallized from ether/hexanes. 

 

Figure 12.  LAH reduction of 3-carboxy spin label 
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Alcohol to mesylate 

 Reaction of the allylic alcohol 2 with methanesulfonyl chloride (a.k.a mesyl 

chloride) and triethylamine in dry DCM was performed as described previously with 

good yields (Hankovszky et al., 1980).  Although the product 3 looked to be pure by 

TLC (Rf = 0.37 in 3:1 ethyl acetate:hexanes), crystallization proved difficult and the 

product was taken on to the next step as a dry yellow solid. 

 

Figure 13.  Methanesulfonate spin label from allylic alcohol and mesyl chloride  

 

 

Mesylate to phthalimide by way of the allylic iodide 

 The creation of the O-N bond that will ultimately define the hydroxylamine 

moiety is achieved by nucleophilic substitution by N-hydroxyphthalimide, with the 

sulfonate as the leaving group.  Unfortunately, attempts to form the phthalimide 

directly from the mesylate, or from the related tosylate (not shown), were 

unsatisfactory.  We found that optimal yields were achieved by first forming the 

allylic iodide, followed immediately by reaction with N-hydroxyphthalimide (Figure 

14).  ~1.5 equivalents of sodium iodide was flame-dried under vacuum in the reaction 
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vessel, and allowed to cool under vacuum.  Compound 3 was dissolved in distilled 

acetone and added to the solid NaI under nitrogen atmosphere.  The solution was 

stirred for 30 min at 30OC before being diluted with water and extracted 3 times with 

ether.  Ether extracts were dried and the solvent removed in vacuo to provide 

compound 4.  Allylic iodides are known to decompose over time, particularly when 

exposed to light (Hankovszky et al., 1980).  It is recommended that the reaction and 

workup of the iodide be carried out in the dark as much as is reasonable.  It is also 

critical that reaction with N-hydroxyphthalimide be performed as quickly as possible.  

Overnight storage of the iodide should be avoided. 

 

Figure 14.  Reaction of mesylate spin label to allyl iodide and subsequent 

reaction with N-hydroxyphthalimide  

 

 The reaction of compound 4 with N-hyroxyphthalimide was performed by an 

identical procedure as that reported for the allylic bromide (Fleissner et al., 2009).  
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After dilution into water, the precipitated product 5 was removed by filtration and the 

yellow solid was air-dried at the pump and subsequently dried overnight under strong 

vacuum.  TLC of compound 5 showed a single product (Rf = 0.48) in 2:1 

chloroform:ether. 

 

Phthalimide to hydroxylamine 

 The final step in the synthesis of HO-4120 involves reaction with excess 

hydrazine hydrate in ethanol to release the primary hydroxylamine in a Gabriel-type 

mechanism (Figure 15).  Reaction and workup were carried out as described by 

Fleissner et al (Fleissner et al., 2009).  In an attempt to re-oxidize any nitroxide 

moieties that may have been reduced to secondary hydroxylamine during the 

synthesis, pure oxygen was bubbled through a solution of crude compound 6 with 

Pb(IV)O2 in chloroform for 30 min using  a gas diffuser.  After filtration and workup, 

the crude product was obtained as an orange oil.  TLC (9:1 CHCl3:MeOH) gave a 

major peak at Rf = 0.55, however, several impurities were also apparent.  The product 

was further purified on silica gel with a linear gradient of 0 – 10% methanol in 

chloroform using an automated flash chromatography system.  Pure fractions were 

pooled and the solvent was evaporated in vacuo.  Residual methanol was removed 

under a fine stream of dry nitrogen gas overnight, and compound 6, as orange oil was 

stored at -20OC in a nitrogen-flushed, gas tight container with Drierite desiccant. 
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Figure 15.  Gabriel deprotection of the phthalimide spin label to give HO-4120 

 

 

DEER on doubly K1-labeled PrP 

 To test whether or not our K1-labled proteins would report reasonable 

distances in PrPC, we developed dual K1-labeled constructs in which both nitroxide 

side chains were in the structured C-terminal domain of PrP.  We then performed 

double electron-electron resonance (DEER) EPR on each doubly-labeled construct 

and compared the resulting distances to models of K1-labeled side chains based on 

the published NMR structure of the C-terminal construct MoPrP(120-230) (PDB 

1XYX) (Gossert et al., 2005).  The results are presented in Figure 16. 

 DEER is a two-frequency pulsed EPR technique capable of extracting the 

dipolar interaction energy between two unpaired electrons coupled through space 

(Jeschke, 2012).  In practice, inter-electron distances from ~15 – 80 Å can be 

obtained on macromolecules in frozen aqueous solutions, with distances in excess of 

100 Å achievable in ideal systems containing fully deuterium-labeled protein and 
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buffer (Schiemann and Prisner, 2007; Ward et al., 2010).  The relationship between 

the dipolar frequency measured in the DEER experiment (ωdip) and the inter-spin 

distance (r) is given as Equation 1, where gA and gB are the electronic g-factors for 

spins A and B, µ0 is the vacuum permittivity, βe is the Bohr magneton, and h is 

Planck’s constant divided by 2π.  

Equation 1: 

���� = ����	
��4�ℏ ∙ 1�� 

 

As seen in Figure 16B, the time-domain dipolar evolution for all the three doubly 

labeled PrP constructs display reasonably deep modulations in which at least one 

oscillation can be observed.  This is characteristic of well-defined inter-spin distances 

as would be expected in a well-structured protein domain.  The calculated distance 

distributions, shown in Figure 16C, are well in line with predicted inter-spin distances 

based on the known structure of the PrPC globular domain.  In chapters 3 and 4 of this 

dissertation, we exploit this spin labeling strategy, in combination with the traditional 

R1-labeling technique, to probe inter-domain distances in MoPrP in response to the 

physiologic metal ions Cu2+ and Zn2+.  
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Figure 16.  Nitroxide-nitroxide DEER on doubly K1-labled PrP 

4-pulse DEER at 50K of doubly K1-labled PrP constructs.  A) Schematic of MoPrP(23-230) 
showing the locations of spin-labeled side chains in relation to known secondary structures.  
B) Time domain DEER transients and C) calculated distance distributions of the three doubly 
K1-labeled constructs.  Background subtraction and analysis was performed with 
DeerAnalysis 2011 (Jeschke et al., 2006).  Gray traces in the distance distribution are inter-
spin distances modeled from PDB 1XYX using mtsslWizard (Hagelueken et al., 2012). 
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FRET  

 As will be demonstrated in detail in chapter 3 of this dissertation, the ability to 

site-specifically label the two domains of the prion protein with separate, chemically 

orthogonal techniques, allows us to study inter-domain structure using another 

biophysical technique: fluorescence resonance energy transfer (FRET).  FRET is 

somewhat analogous to DEER in that it reports long-range, through-space 

interactions between two probes that can be related to the inter-probe distance (see 

equation 3.1) (Clegg, 1995).  FRET, however, requires that the two probes be distinct 

in their fluorescent properties.  Specifically, one must have a “donor” fluorophore 

with an emission spectrum that partially overlaps with the excitation spectrum of the 

“acceptor” fluorophore, as depicted in Figure 17. 

 

Figure 17.  Schematic of FRET spectral overlap 

Energy transfer in the FRET experiment requires that the emission spectrum of the donor 
fluorophore partially overlap the excitation spectrum of the acceptor fluorophore.  Figure 
taken from (Broussard et al., 2013). 

 

 Brustad et al. have reported a general method for labeling of a single protein 

chain with two distinct fluorophores for FRET studies based on the orthogonal 
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reactivities of site-specifically introduced cysteine and pAcPhe (Brustad et al., 2008).  

We have successfully employed this technique to MoPrP constructs containing a 

cysteine in the flexible N-terminal domain and the unnatural amino acid pAcPhe in 

the structured C-terminal domain.  In chapter 3 of this dissertation, we use this 

method to show a long-range conformational rearrangement in PrPC in response to 

zinc binding.  Owing to the relatively large size of most fluorescent probes and 

several assumptions that are required to convert FRET efficiencies into distances, 

DEER EPR is in many ways a superior method for measuring precise 

macromolecular distances (VanBeek et al., 2007).  However, FRET has several 

advantages over DEER, especially when relative distances, or distance changes, are 

all that is needed.  Unlike DEER, FRET is a room-temperature experiment and 

therefore allows solution measurements under near-physiological conditions.  

Moreover, fluorescence is a far more sensitive technique than magnetic resonance 

spectroscopy, allowing for the detection of lower, more biologically relevant 

concentrations of macromolecule.  In fact, the high sensitivity of fluorescence, in 

combination with modern optics and laser excitation, allows FRET to be observed at 

the single-molecule level, an application that will be discussed later in this chapter 

(Weiss, 1999). 
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Extending the utility of pAcPhe in fluorescence spectroscopy 

 The dual labeling of proteins using amber codon suppression and pAcPhe 

incorporation is extremely powerful, particularly when two chemically different 

labels are required on the same molecule, as is the case for intra-molecular FRET.  

However, commercially available aminooxy-functionalized fluorescent dyes are 

exceedingly rare.  With the exception of three fluorophores in the Alexa Fluor series 

(350, 488, and 647) from Molecular Probes, hydroxylamine functionalized dyes are 

conspicuously absent from the chemical catalog.  Consistent with their scarcity, the 

Alexa Fluor hydroxylamines are expensive, with price tags more than three times that 

of their maleimide equivalents.  Although some fluorophores are available as ketone-

reactive hydrazine derivatives, the reaction of ketones with hydrazines is slow and 

prone to hydrolysis, as mentioned earlier (Dirksen et al., 2006a; Kalia and Raines, 

2008).  Particularly desirable for FRET studies would be the hydroxylamine 

derivatives of the popular and robust cyanine-based FRET pair Cy3 and Cy5.  

Beyond the in vitro biophysical applications discussed thus far, the extension of the 

amber suppression technology to yeast and mammalian cells presents exciting new 

opportunities for a range of in vivo applications (Liu et al., 2007; Wang et al., 2006).  

However, the utility of pAcPhe incorporation in these cases is also hindered by the 

lack of suitable fluorescent reagents.   

 In collaboration with Drs. Darren Thompson and Philip Dawson at the Scripps 

Research Institute, we developed a simple and effective strategy to dramatically 
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increase the amount of ketone-reactive fluorescent probes available to the bench 

scientist (Thompson et al., 2014).  The unique reactivity of the thiol side chain, as 

previously described for site-directed spin labeling, has led to a proliferation of thiol-

reactive probes for site-specific labeling of proteins, many based on the chemistry of 

maleimides.  Maleimides form stabile thioether linkages with thiols under mild, 

aqueous conditions, and fluorescent probes containing the maleimide functionality are 

commonplace.  Using solid-phase peptide synthesis methods, we developed adapter 

molecules to convert commercially available maleimide fluorophores into aminooxy-

functionalized dyes (Figure 18A).  We then conjugated these dyes to recombinant PrP 

constructs containing the pAcPhe side chain (Figure 18B).   

 As mentioned previously, oxime ligation proceeds efficiently at an acidic pH 

of 4.0, but is slow at neutral pH (Brustad et al., 2008; Fleissner et al., 2009).  

However, the addition of aniline has been shown to dramatically increase the rate of 

oxime formation at neutral pH, thus expanding the site-specific reaction of pAcPhe to 

acid sensitive proteins (Dirksen et al., 2006b).  To confirm the general applicability of 

our adapter fluorophores, we reacted PrP containing pAcPhe with rhodamine and 

Alexa Fluor 488 adapter molecules under both acidic conditions (pH 4), as well as at 

pH 7.4 in the presence of 10 mM aniline.  Excellent yields were achieved under both 

conditions after 24 hr reaction at 37OC as determined by reverse phase HPLC and 

mass spectrometry (data not shown). 
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Figure 18.  Adapter reagents for site-specific dye labeling 

A) Creation of ketone- and alkyne-reactive fluorescent probes using designed peptide linkers 
2 and 3, respectively, from commercially available maleimide dyes: 1a = hydroxycoumarin, 
1b = alexa fluor 488, 1c = rhodamine B, and 1d = alexa fluor 647.  B) Reaction scheme of 
Aoa-linker-dye with MoPrP(23-230) N180pAcPhe.  C) Alexa 488-labeled PrP N180pAcPhe, 
as determined from fluorescence intensities of SDS-PAGE gel bands at ~23 kDa at 0, 4, 17, 
and 22 hr reaction times. 

 

 The basic scaffold of the adapter molecules is shown in Figure 18A, and 

consists of aminooxyacetic acid (Aoa) connected via a peptide linker to a cysteine 

residue (Aoa-linker-Cys).  Besides the ability to quickly generate any number of 

ketone-reactive dyes from commercially available maleimides, the adapter molecules 

have several additional benefits for site-specific labeling of proteins.  First, the length 

of the linker connecting the hydroxylamine and sulfhydryl moieties can be modified, 

allowing one to tune the distance between the fluorophore and the protein backbone 

to suit the demands of a particular experiment.  Second, adapter molecules are 

conjugated and purified prior to reaction with the protein of interest, allowing the 

maleimide coupling to proceed under reaction conditions that might not be ideal for 

the protein.  Of particular importance is the fact that most commercially available 
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dyes have limited solubility in water (Johnson and Spence, 2010).  We addressed this 

problem by including an arginine residue into the linker region, increasing the water 

solubility of the dye complex.  Thus, the initial maleimide conjugation can be 

performed under denaturing conditions, such as 6 M guanidine, in which the 

fluorescent dyes are soluble.  Subsequent HPLC purification and lyophilization yields 

molecules that, in all cases we tested, are water-soluble and therefore easily reacted 

with the target protein under non-denaturing conditions, without the need for 

solubilization of the fluorophore in organic solvent.   

 In addition to the dyes listed in Figure 18, we have since generated Cy3 and 

Cy5 adapter reagents and conjugated them to PrPC mutants containing site-specific 

pAcPhe residues.  Preliminary single-molecule FRET data of MoPrP, labeled with 

maleimide Cy3 in the N-terminal domain, and Aoa-linker-Cy5 in the C-terminal 

domain, is shown in Figure 20.  The utility of the adapter molecule strategy is not 

limited to the oxime chemistry of pAcPhe containing proteins.  To demonstrate this, 

we synthesized an adapter reagent consisting of an azide functional group coupled 

through a peptide linker to a cysteine residue (Figure 18A).  As with Aoa-linker-Cys, 

the azide adapter was reacted with a maleimide dye (Rhodamine B).  This new azide 

fluorophore was then conjugated to a test peptide containing propargyl glycine using 

the copper-assisted azide-to-alkyne cycloaddition reaction, otherwise known as 

“click” chemistry (Rostovtsev et al., 2002).  This adapter reagent also has great 

potential in site-specific fluorescent labeling with click chemistry, as incorporation of 
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unnatural amino acids with both azido and terminal alkyne functional groups are 

well-established (Xie and Schultz, 2005b).      

 

Single molecule detection of inter-domain structure 

 In collaboration with the laboratory of Dr. Michael Stone at the University of 

California at Santa Cruz, we are currently examining inter-domain structure and 

dynamics in PrPC with single-molecule FRET (smFRET).  smFRET has several 

advantages over traditional bulk FRET methods, including several that are 

particularly attractive for studies involving PrPC.  Generally speaking, single-

molecule detection allows for the disentanglement of a molecule’s properties from 

those of its neighbors, therefore removing the “mask” of ensemble averaging (Weiss, 

1999).  For example, smFRET can reveal distributions of conformations in an 

ensemble from the cumulative FRET efficiencies of many individually observed 

molecules.  In contrast, a bulk FRET experiment on the same solution would simply 

give a weighted average of FRET states, obscuring multiple co-existing 

conformations.  Moreover, individual molecules can be tracked and analyzed over 

time, giving information on the kinetics of various subpopulations (Roy et al., 2008). 

 Several aspects of single-molecule detection are particularly advantageous for 

studying the cellular prion protein.  For one, PrPC has an intrinsic tendency to 

aggregate in vitro, especially in high concentrations and when in complex with other 

physiologically relevant biomolecules.  Single molecule detection allows one to work 

at very low (fM – pM) concentrations (confocal FRET), or to separate out single 
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molecules by surface immobilization (TIRF-FRET), thus limiting or preventing 

aggregation entirely.  In addition, the inter-domain structure observed in chapters 3 

and 4 of this dissertation, while interpreted as a cis-interaction between domains of 

the same protein molecule, could potentially arise from lateral association between 

two or more PrP molecules.  Single-molecule techniques offer the ability to 

unambiguously resolve inter-molecular from intra-molecular interactions.   

 In an attempt to observe inter-domain structure in PrPC by smFRET, we 

engineered a C-terminal V5 epitope tag into full-length MoPrP for surface 

immobilization using biotin-avidin interactions.  PrP molecules containing FRET 

pairs introduced through a combination of cysteine and pAcPhe mutagenesis (Figure 

19A) were then coupled through biotinylated V5-antibody to quartz slides sparsely 

functionalized with avidin molecules.  The resulting surface-immobilized PrP 

molecules were then studied with total internal reflectance (TIRF) FRET in the 

presence of 300 µM Zn2+.  Time traces and corresponding FRET efficiencies from 

example molecules are shown in Figure 19B.  The molecules exhibit anti-correlated 

photobleaching behavior, confirming that the observed molecules are indeed 

experiencing energy transfer.  Preliminary results show that the donor fluorophore 

attached within the octarepeat domain (Q66alexa555) comes in close contact with C-

terminal residue T200 (EFRET ≈ 0.9), whereas the donor label in the linker region, 

between the octarepeats and the globular domain (S102alexa555), displays a 

somewhat longer distance (EFRET ≈ 0.6).  This result agrees well with DEER distance 

measurements in frozen solution (see Chapter 3), indicating that Zn2+-driven inter-
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domain interaction in PrP is indeed intra-molecular.  Experiments are ongoing to 

confirm these results and to examine the inter-domain structure in response to known 

binding partners such as toxic C-terminal antibodies and soluble oligomers of the 

amyloid-β peptide (1-42) (Laurén et al., 2009; Sonati et al., 2013).        

 

Figure 19.  smFRET with immobilized PrP (TIRF) 

A) Schematic of PrP showing the location of Alexa-555 donor (green) and Alexa-647 
acceptor (red) fluorophores.  The C-terminal V5 epitope, used to anchor PrP to the slide, is 
shown in magenta.  B) Individual time traces for single molecules of MoPrP constructs with 
donor label positions in the octarepeat domain (Q66) and in the linker region (S102). 
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 We have also begun experiments using confocal smFRET.  The confocal 

smFRET technique works by focusing the excitation laser on extremely dilute 

solutions of labeled molecules (Talaga et al., 2000).  Single molecules are detected as 

bursts of photons as they diffuse through the confocal volume of the microscope with 

a camera operating at high frame rates.  The detected photons are then decomposed 

into donor and acceptor contributions for calculation of FRET efficiencies.  The 

confocal technique has the advantage of working with protein that is free in solution, 

thereby eliminating any artifacts resulting from the interaction of the immobilized 

biomolecule or fluorescent dyes with the slide surface.  Additionally, confocal 

measurements with the current setup in the Stone lab offer the advantage of higher 

time resolution, allowing the observation of protein conformational dynamics on the 

microsecond to low millisecond timescale.  TIRF-FRET, by comparison, can only 

resolve populations undergoing dynamics in the hundreds of milliseconds to seconds 

timescale (M. Stone, personal communication). 

 Preliminary confocal smFRET data on dual-labeled MoPrP in dilute solution 

is presented in Figure 20.  A time trace showing fluorescent bursts of donor (green) 

and acceptor (red) wavelengths recorded at a frame rate of 1,316 Hz is shown in 

Figure 20B.  At high integration times (low frame rates) the confocal experiment 

gives an ensemble-averaged FRET measurement, thus recapitulating a bulk FRET 

experiment.  As shown in Figure 20C, this ensemble average indicates that the donor 

fluorophore (Cy3), attached in the octarepeat domain, comes in close contact with the 

acceptor fluorophore (Cy5) at helix 2 of the globular domain (EFRET ≈ 0.78).  The 
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same sample, collected for two minutes at a high frame rate (Figure 20D), seems to 

indicate that there may also be a sub-population of molecules at EFRET ≈ 0.59, 

although we note that many more measurements are needed to reach statistical 

significance. 

 

Conclusions 

 In conclusion, we have developed novel strategies to study inter-domain 

structure in the cellular prion protein (PrPC) using the genetic incorporation, and 

subsequent labeling, of the unnatural amino acid pAcPhe.  Site-specific attachment of 

spin labels and fluorescent dyes using the chemically orthogonal ketone moiety of 

pAcPhe, combined with traditional labeling techniques involving introduced cysteine 

residues, have proven successful in detecting inter-domain tertiary contacts in PrPC.  

In addition, we have expanded the utility of pAcPhe incorporation in fluorescence 

studies by substantially increasing the number of fluorescent probes with 

hydroxylamine reactive groups.  Our adaptor reagent strategy should be widely 

applicable to additional function groups that can be accessed through amber 

suppression technologies.  Finally, we show preliminary examples of single-molecule 

FRET detection of inter-domain structure in PrPC, a technique that promises to 

provide new insight into PrP structure and dynamics, and how these properties are 

affected by in vivo binding partners.  More generally, we believe that the strategies 

employed here will be useful in the study of transient interactions of many 

intrinsically disordered proteins in their myriad of cellular functions and interactions. 
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Figure 20.  Confocal smFRET of MoPrP(23-230) Q66cy3 / N180cy5 

A) Schematic representation of PrP showing the positions of the donor and acceptor 
fluorophores in relation to known domains and secondary structures.  B) Time trace of donor 
and acceptor fluorescence.  C and D) Histograms showing the ensemble (C) and single 
molecule (D) FRET values obtained from the data in panel B.  FRET values and histograms 
were generated using a Matlab program written in-house.  
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Introduction 

 The transmissible spongiform encephalopathies (TSEs), or prion diseases, 

arise from misfolding of the cellular prion protein (PrPC) to its β-sheet rich scrapie 

form (PrPSc) (Prusiner, 1998; Soto, 2011).  The TSEs include mad cow disease, 

scrapie, chronic wasting disease (CWD) and, in humans, Creutzfeldt-Jakob disease 

(CJD), fatal familial insomnia (FFI), and Kuru.  Mature human PrPC is a 209 amino 

acid, membrane-anchored glycoprotein, possessing two domains: a flexible N-

terminal segment (up to residue 124), that selectively binds copper and zinc, and a 

predominantly helical C-terminal domain that converts to β-sheet in the course of 

prion disease (Figure 21) (Donne et al., 1997; Prusiner, 1998; Tycko et al., 2010; 

Walter et al., 2007).  Although the precise physiological function of PrP is unknown, 

it is believed to play a role in neuronal maintenance, particularly with regard to metal 

ion homeostasis and protection from reactive oxidative species (ROS) (Linden et al., 

2008; Millhauser, 2011). 

 The N- and C-terminal domains of PrPC have traditionally been thought of as 

non-interacting – a structured C-terminus with an N-terminal tail.  However, recent 

cellular and biophysical observations suggest that this view is incorrect.  For example, 

studies with monoclonal antibodies (mAbs), aimed at identifying reactive surface 

sites that catalyze the PrPC to PrPSc conversion, find that mAbs with N-terminal 

epitopes block access to C-terminal mAbs and result in partial C-terminal unfolding 

(Li et al., 2009).  In addition, fibroblasts expressing mouse PrPC with the C-terminal 
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E199K mutation (E200K in humans), that gives rise to familial CJD, seem to exhibit 

altered N-terminal copper uptake compared to wild type and are more susceptible to 

copper toxicity (Canello et al., 2012).  Biophysical investigations using nuclear 

magnetic resonance (NMR) indicate that the presence of the N-terminal domain 

increases helical order in the globular C-terminal domain (Zahn et al., 2000).  

Moreover, extended X-ray absorption fine structure (EXAFS) studies find that a C-

terminal pathogenic mutation (Q212P) alters the copper coordination geometry at an 

N-terminal site localized to His111 (D'Angelo et al., 2012).  Lastly, a recent study has 

shown that Cu2+ drives an association between the N-terminal domain and specific 

regions of helix 1 and helix 2 of the C-terminus, possibly leading to a compact 

structure that facilitates PrPC aggregation (Thakur et al., 2011).  Together these 

results indicate that, contrary to conventional paradigms, the N- and C-terminal 

domains of PrP may physically associate, and that physiological metal ions may 

participate in this interaction. 

 The N-terminal domain of PrPC binds both copper and zinc and is believed to 

participate in metal ion homeostasis (Brown et al., 1997; Walter et al., 2007; Watt and 

Hooper, 2003).  Cu2+ and Zn2+ induce PrP endocytosis, upregulate PrP expression, 

inhibit in vitro fibril formation and suppress PrPRes amplification (Armendariz et al., 

2004; Bocharova et al., 2005; Orem et al., 2006; Pauly and Harris, 1998; Perera and 

Hooper, 2001; Varela-Nallar et al., 2006).  Moreover, copper, zinc and iron 

distribution in the mouse brain depend on PrP expression levels (Pushie et al., 2011).  

PrP has also been evolutionarily linked to a sub-set of the ZIP family of metal ion 
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transporters, further supporting its role in metal binding and homeostasis (Schmitt-

Ulms et al., 2009).  The molecular features of Cu2+ uptake by PrP have been 

extensively studied, and depend critically on both the copper-to-protein ratio as well 

as pH (Aronoff-Spencer et al., 2000; Chattopadhyay et al., 2005; Millhauser, 2007; 

Whittal et al., 2008).  Copper binds to the octarepeat region (residues 60 – 91), which 

consists of four repeats of the sequence PHGGGWGQ, as well as to segments defined 

by His96 and His111 (Burns et al., 2002; 2003; Jones et al., 2005; Walter et al., 

2009).  In contrast, Zn2+ binding is restricted solely to the octarepeat domain, where 

all four histidines coordinate a single Zn2+ ion, as shown in Figure 21, with a 

dissociation constant of approximately 200 µM (Walter et al., 2007). 
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Figure 21.  PrPC structure and Zn2+-binding 

Structural model of PrPC showing the globular domain containing three α-helices and one 
short, anti-parallel β-sheet.  The N-terminal domain is flexible and can bind a single Zn2+ ion 
(red) through the four histidine side chains of the octarepeat domain. 

 

  Mice devoid of the prion protein do not show any overt developmental 

abnormalities (Büeler et al., 1992).  However, several studies have demonstrated that 

elimination of a linker segment between the N- and C-terminal domains in transgenic 

mice results in cerebellar neurodegeneration, axonal demyelination, and neonatal 

lethality (Baumann et al., 2007; Li et al., 2007; Shmerling et al., 1998).  The 

observation that co-expression of wild type PrP rescues the lethal phenotype in a 

dose-dependent manner led to the hypothesis that the developmental derangements in 

these animals resulted from altered binding of the mutant PrP to an unidentified 

partner protein.  With recent evidence pointing to a domain-domain interaction, 
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another possibility is that elimination of the linker region disrupts a higher order 

structure in PrPC, in turn resulting in aberrant interactions with cell surface receptors 

or membrane components.  The potential implications of inter-domain interaction in 

PrPC function and prion disease, combined with the known metal binding properties 

of the N-terminal domain described above, have motivated the current study 

regarding the effects of metal binding on the global structure of PrPC. 

 Here we employ nuclear magnetic resonance (NMR) and electron 

paramagnetic resonance (EPR) spectroscopy, along with fluorescence resonance 

energy transfer (FRET), to evaluate how metal-ions affect the structure of full-length 

mouse PrP(23-230).  We use Zn2+ because it is a natural coordinating species that is 

abundant in the central nervous system and stimulates well-characterized, PrP-linked 

physiological processes (Brown and Harris, 2003; Perera and Hooper, 2001; Watt et 

al., 2012).  Moreover, Zn2+ is diamagnetic, thus facilitating the interpretation of the 

NMR spectra and EPR-derived distances.  Using 1H-15N HSQC NMR, we find that 

Zn2+ drives a tertiary contact between the N-terminal domain of PrP and a specific 

surface of the globular C-terminal domain.  These findings are supported by solution 

FRET experiments, which show a zinc-induced decrease in inter-domain distance.  

Direct distance measurements between nitroxide-labeled side chains, obtained using 

double electron-electron resonance (DEER) EPR, indicate that that the octarepeat 

domain is likely to be the N-terminal segment participating in inter-domain contact.  

Analysis of the cumulative data shows that the relevant C-terminal surface 

participating in this interaction carries the majority of PrP mutations that give rise to 
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familial prion disease.  We then examine several disease-associated PrP mutants, as 

well as a dominant negative mutation, and find a systematic relationship between the 

type of mutation and the NMR features of the Zn2+-driven inter-domain interaction.  

Consideration of this relationship suggests that electrostatics play an important role in 

stabilizing the global PrP-Zn2+ structure, and this finding is supported by electrostatic 

surface potential calculations.  The work described here identifies a previously unseen 

higher order structure in PrPC, and provides new insight into PrP function and its 

conversion to PrPSc. 

 

Materials and Methods 

15N-labeled Protein Expression 

 MoPrP variants (created with the GeneArt Site Directed Mutagenesis kit 

(Invitrogen)) were constructed using the template plasmid pET101 MoPrP 

(Invitrogen) containing full-length Mus musculus PrP(23-230).  The C-terminal 

fragment, MoPrP(91-230), was cloned into the pET101 vector using EcoRI and XhoI 

restriction sites.  All constructs and mutations were confirmed by DNA sequencing. 

Protein expression was executed in E.coli BL21Star (DE3) (Invitrogen).  All 15N 

labeled proteins were grown in M9 minimal media supplemented with 1 g/L 15N 

ammonium chloride.  Cells were grown at 37°C until they reached an OD600 of 0.6, at 

which point they were transferred to M9 minimal media and protein expression was 

induced with 1mM isopropyl-1-thio-D-galactopyranoside (IPTG) for three hours.  

The full-length constructs were solubilized from inclusion bodies in 8M urea and run 
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over a Ni2+ charged immobilized metal-ion affinity column (IMAC) on an AKTA 

purifier system (GE Healthcare).  MoPrP(91-230) was purified from inclusion bodies 

prior to running over a Q-Sepharose anion exchange column.  All of the proteins were 

then further purified using reverse phase high performance liquid chromatography 

(HPLC), and subsequently identified by mass spectrometry.  The proteins were then 

lyophilized and quantified in guanidinium chloride (GdnHCl) by UV-vis 

spectrophotometry prior to use in the NMR experiments. 

 

Spin Labeled and Fluorescently Labeled PrP Sample Preparation 

 Expression of mutant PrP for dual spin labeling was achieved by a method 

similar to that described by Fleissner et al (Fleissner et al., 2009).  Briefly, PrP 

containing site-specific cysteine and amber (TAG) codon mutations were co-

transformed into BL21(DE3) cells along with the pEVOL vector specific for pAcPhe 

incorporation (Young et al., 2010).  The growth media was supplemented with 

400mg/L pAcPhe (Synchem) and the cells were grown to an OD600 of 0.6 - 0.8.  

Expression was induced with 1mM IPTG and 300mg/L L-Arabinose and the cells 

were incubated for an additional 5-7 hrs at 37oC. 

 Ni2+ affinity purification and HPLC were performed as described above.  

HPLC purified protein was then buffer exchanged into 10mM sodium acetate pH 4.5 

and concentrated through a 10kDa MWCO membrane (Amicon).  A 10-fold molar 

excess of MTSSL spin label (Toronto Research Chemicals) or Alexa Fluor 555 C2-

maleimide (Molecular Probes) was added and allowed to react for 6 – 12 hrs at room 
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temperature.  Reaction mixtures were again purified by HPLC and lyophilized.  Dried 

protein was dissolved in degassed 10 mM sodium acetate buffer at pH 4 to a 

concentration of approximately 100 µM.  A 10-fold molar excess of either Alexa 

Fluor 647 hydroxylamine, or the aminooxy spin label HO-4120, was added and 

reactions were incubated at 37oC for 24 – 28 hrs before a final round of HPLC 

purification.  HO-4120 was synthesized in-house using published procedures 

(Fleissner et al., 2009; Hankovszky et al., 1980; Powell et al., 2000). 

  

Nuclear Magnetic Resonance (NMR) Spectroscopy 

 All samples were prepared in a buffer containing 50mM MOPS hemisodium 

salt (Sigma), 10% D2O, 0.1% NaN3, and 0.2mM TMSP at pH 7.39, except in the case 

of varying salt concentrations where 25mM and 200mM MOPS was used.  Protein 

was added to final concentration of 50µM and either 50µM or 150µM ZnCl2 was 

added to the samples containing zinc. 1H-15N HSQC spectra were recorded at 25°C 

on an Avance II 900-MHz spectrometer (Bruker-Biospin, Boston, MA) at the Central 

California 900-MHz NMR facility (Berkeley, CA). NMR spectra were analyzed with 

nmrPipe and Sparky. Structural analysis was performed with UCSF Chimera. 

 

Double Electron-Electron Resonance (DEER) Spectroscopy 

 Samples for EPR were made in 25 mM MOPS pH 7.4 in D2O containing 30% 

v/v d8-glycerol.  Samples containing Zn2+ were made using a stock solution of ZnCl2 
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in D2O.  Doubly spin labeled samples were loaded into 4 mm (o.d.) quartz EPR tubes 

(Wilmad 707-SQ) and flash frozen in liquid nitrogen prior to spectral analysis. 

 `4-pulse DEER data with the pulse sequence (π/2)υ1 – τ1 – (π)υ1 – T – (π)υ2 – 

τ2 – (π)υ1 – τ2 – (echo) was collected on a Bruker ELEXSYS E580 X-band 

spectrometer equipped with an MD-5 dielectric resonator and a second frequency 

DEER module (Bruker).  The pump pulse was fixed to the center peak in the field 

swept nitroxide spectrum and the probe frequency was chosen 65-75 MHz above this 

frequency.  π/2 and π pulses were 16 and 32 ns respectively.  The delay between the 

first and second probe pulses was 400 ns and dipolar evolution data was collected out 

to 2.5 – 3.5 µs.  Experiments were run at 50 or 80 K, depending on the sample, and 

were signal averaged for 6 – 8 hrs.  The raw data was background corrected and 

analyzed by Tikhonov regularization using the DeerAnalysis 2011 software package 

(Jeschke et al., 2006). 

 

Fluorescence Spectroscopy 

 Samples of Alexa Fluor-labeled PrP constructs for bulk fluorescence 

experiments were prepared in 50 mM MOPS buffer at pH 7.4.  Zn2+ was introduced 

as ZnCl2 from a stock solution in H2O and allowed to equilibrate with the protein for 

at least 30 min before spectral measurement.   

 Fluorescence measurements were recorded on a Cary Eclipse Fluorescence 

Spectrophotometer at ambient temperature.  Excitation of the donor fluorophore was 

achieved with a wavelength of 525 nm, and excitation of the acceptor fluorophore 
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was achieved at 630 nm.  Protein concentrations for FRET experiments were 

typically 500 nM and the signals were averaged over four scans.  Resonance energy 

transfer was measured as the ratio of acceptor fluorescence due to FRET to the 

fluorescence arising from direct excitation of the acceptor, i.e. (ratio)A, using 

procedures described in the literature (Hickerson et al., 2005; Majumdar et al., 2005).    

 

Electrostatic Calculations 

 Surface electrostatic calculations were performed on MoPrP(121-230) (PDB 

1XYX) with the Adaptive Poisson-Boltzmann Solver (APBS) plug-in in PyMOL 

(Baker et al., 2001).  Amino acid substitutions for the pathogenic mutants were 

introduced with the “swapaa” command in Chimera prior to calculating the surface 

electrostatics with APBS. 

 

Molecular Dynamics Simulations 

 The molecular dynamics simulation package GROMACS (Berendsen et al., 

1995; Lindahl et al., 2001) was used to create a molecular model of the inter-domain 

interaction using the OPLS-AA/L force field (Jorgensen et al., 1996; Kaminski et al., 

1994) and SPC water model (Berendsen et al., 1984).  Dr. M. Jake Pushie generously 

donated the starting PrPC structure with Zn2+ coordinated to the octarepeat domain.  

The initial structure was subjected to 1000 steps of steepest-descent energy 

minimization in the presence of explicit solvent.  The protein was then subjected to 

600 picoseconds of simulated annealing with four additional distance restraints 
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derived from the magnetic resonance experiments.  After the protein structure 

stabilized, 400 picoseconds of production molecular dynamics simulation was run to 

produce the final model. 

 

Results 

NMR reveals a zinc-driven N-terminal – C-terminal interaction in MoPrPC 

 In order to probe the effects of Zn2+ binding on PrP structure, we titrated the 

metal ion into full-length murine prion protein, MoPrP(23-230), (~ 50 µM) at pH 7.4 

in 50 mM MOPS buffer and acquired 1H-15N HSQC spectra.  Spectra of the C-

terminal structured region were assigned using the data deposited for MoPrP(90-231) 

at pH 7.0 (BMRB ID: 16071).  HSQC cross peaks in PrP spectra containing Zn2+ 

were assigned to one of three categories based on comparison to the spectra without 

metal: 1) no change, 2) change in chemical shift, or 3) complete disappearance.  An 

overlay of wild type MoPrP(23-230) with and without added zinc is shown in Figure 

22.  The addition of three equivalents of zinc resulted in the disappearance of 21 of 

the 101 assigned backbone amides in the C-terminal domain, and significant shifts of 

5 cross peaks.  Loss of these cross peaks is consistent with a chemical environment in 

intermediate exchange.  We observed three primary regions of interaction: the short 

loop just before helix 1, the solvent exposed surface of helix 2, and the N-terminal 

exposed surface of helix 3.  Residues affected by the addition of Zn2+ are shown 

mapped onto the surface of the PrP C-terminal domain structure in Figure 23A.  It is 

clear from Figure 23 that the affected residues localize to a specific face of the 
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globular domain, forming two proximal and nearly contiguous patches defined by the 

exposed surfaces of helices 2 and 3. 

 

Figure 22.  1H-15N HSQC of MoPrP(23-230) 

900 MHz 1H-15N HSQC NMR spectrum of MoPrP(23-230) recorded at 25OC without metal 
(black) and in the presence of three equivalents ZnCl2 (red).  Examples of assigned 
resonances that are substantially broadened in the presence of zinc are annotated with green 
arrows. 

 

 The observed influence of added Zn2+ can arise from either its direct 

interaction with the C-terminal domain, or by binding first to the N-terminal 

octarepeat domain and subsequent association with the C-terminal domain.  To 

distinguish between these two possibilities, we repeated HSQC titration experiments 

with MoPrP(91-230), which lacks most of the N-terminal region including the 

octarepeat domain.  In contrast to full-length PrPC, only three resonances disappeared, 
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while all others remained unaffected (Figure 23B).  Consequently, the octarepeat 

domain is required for the observed influence of Zn2+ on the HSQC cross peaks in the 

C-terminal domain.  As Zn2+ is known to coordinate to the octarepeat histidines, we 

interpret our results as a conformational change in which the Zn2+-bound octarepeat 

domain associates with the C-terminal domain, forming a long-range tertiary contact 

with the exposed surface of helices 2 and 3.  The lack of enhanced chemical shift 

dispersion from addition of Zn2+ for residues in the octarepeat domain suggests that 

the peptide segments between the coordinating His residues do not take on a specific 

structure even when docked to the globular domain.  

 

 

Figure 23.  Zn2+-affected residues in PrP(23-230) and PrP(91-230) 

Surface representations of the PrP globular domain (PDB 1XYX).  Residues corresponding to 
broadened (black) and shifted (gray) resonances in the 1H-15N HSQC spectra with 3 
equivalents ZnCl2 are highlighted for A) full-length MoPrP(23-230) and B) MoPrP(91-230), 
lacking the N-terminus through the octarepeat domain.  Proteins within each panel are rotated 
180 degrees from one another. 
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FRET confirms a Zn2+-mediated inter-domain interaction 

 To verify that the observed changes in the 1H-15N HSQC spectra upon 

addition of zinc were indeed the result of long-range domain-domain contact, we 

employed fluorescence resonance energy transfer (FRET) to analyze inter-domain 

distance changes as a function of Zn2+ concentration.  FRET is a widespread 

biophysical technique for the study of macromolecular distances in the 10 – 100 Å 

range (Clegg, 1995).  FRET arises from the non-radiative transfer of energy from the 

excited state of a donor molecule (D) to an acceptor molecule (A), the efficiency of 

which is related to the distance between the two fluorophores according to Equation 

2.  In order for FRET to occur, the emission spectrum of the donor must overlap with 

the absorption spectrum of the acceptor, and molecules for which this condition holds 

are known as “FRET pairs.”  The value R0 in Equation 2, known as the Förster radius, 

depends on the physical characteristics of the donor and acceptor fluorophores used, 

and is generally considered constant for each FRET pair (Wu and Brand, 1994).  

Therefore, a decrease in the distance between two dyes in a FRET pair will result in 

an increase in the efficiency of energy transfer (EFRET).  EFRET can often be measured 

from the ratio of the fluorescence intensity of the donor in the presence of the 

acceptor (FDA) to the intensity of the donor fluorescence in the absence of acceptor 

(FD) (Equation 2) (Clegg, 1995).   

Equation 2: 

����� = 1�1 + �� �
⁄ � ! = 1 − #$�#$  
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 Using mutagenesis procedures, we site-specifically incorporated fluorescent 

probes into recombinant MoPrP to monitor inter-domain distance changes in response 

to Zn2+.  This experiment requires two, and only two, distinct fluorophores on the 

same macromolecule.  Consequently, two chemically orthogonal functionalities must 

be present in the protein that allow for covalent attachment of the fluorescent probes. 

This was achieved using the strategy established by Brustad et al. (Brustad et al., 

2008).  Briefly, labeling of the N-terminal domain was achieved by cysteine 

substitution at Ser102 and subsequent reaction with the maleimide-functionalized 

donor probe.  The acceptor probe was placed at position 200 of PrPC, corresponding 

to the beginning of helix 3, and was attached through reaction of the genetically 

incorporated unnatural amino acid p-acetyl phenylalanine with a hydroxylamine-

functionalized fluorophore (Figure 24A).  The FRET pair used for our experiments 

consisted of the visible spectrum dyes Alexa Fluor 555 (donor) and Alexa Fluor 647 

(acceptor).  Spectral properties for these fluorophores are summarized in Table 3. 

Table 3.  Spectral properties of the Alexa555/Alexa647 FRET pair * 

 Fluorophore 

Absorption 

max (nm) 

Emission 

max (nm) 

Extinction 
coefficient  

(cm-1 M-1) R0 (Å) 

      

donor 
Alexa Fluor 555 
(maleimide) 

555 565 155,000 

51 

acceptor 
Alexa Fluor 647 
(hydroxylamine) 

650 668 270,000 

* Values as reported in the 2010 Molecular Probes Handbook (Johnson and Spence, 2010) 
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 We recorded steady state fluorescence spectra of 500 nM doubly labeled 

MoPrP(23-230)(S102alexa555/T200alexa647) at room temperature in the presence of 

varying concentrations of ZnCl2, titrated from 0 to 2.5 mM.  The results are presented 

in Figure 24 (B and C).  Accurate determination of EFRET based on donor fluorescence 

intensities according to Equation 2 is complicated by the fact that the donor and 

acceptor spectra are partially overlapping.  We overcome this source of error, along 

with any errors due to incomplete acceptor labeling or photo-bleaching, by employing 

the (ratio)A method (Clegg, 1992; Hickerson et al., 2005).  As shown in Equation 3, 

(ratio)A is directly proportional to EFRET.  With the exception of d+, which is the 

fraction of protein molecules containing a donor label and determined to be ~1 in our 

samples from absorption measurements and mass spectrometry, all additional terms 

in Equation 3 are constant and can be measured if desired.  Figure 24B shows 

example spectra of fluorescently labeled MoPrP used for the calculation of (ratio)A 

for each condition.      

Equation 3: 

��%&'(�� = )�����*+ ,-$�./�-��.//� + -��./�-��.//�01 Φ��.3�Φ��.� 

 

 As shown in Figure 24C, calculated values of (ratio)A increase with increasing 

Zn2+ concentrations, indicating an increase in EFRET resulting from a decrease in 

distance between the inter-domain FRET pair.  The data resemble a saturable binding 

curve and indeed, the (ratio)A values can be fit to the non-cooperative Hill equation 

with a resulting adjusted R2 value of 0.93 (Figure 24C, red curve).  The least squares 
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fit to the data gives an estimated dissociation constant of 281 µM, which is quite 

close to the reported Zn2+-binding affinity of the PrP octarepeat domain (Kd ≈ 200 

µM) (Walter et al., 2007).  From these experiments, we conclude that Zn2+-binding to 

the N-terminal octarepeat domain of full-length PrPC results in a conformational 

change in which the distance between the two domains of PrP is reduced.  Although 

these data are fairly qualitative, they support the findings from HSQC NMR and 

demonstrate direct involvement of the N-terminal domain.    
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Figure 24. Bulk FRET of MoPrP(S102alexa555/T200alexa647) 

A) Schematic of PrP showing the positions of donor (green) and acceptor (red) fluorophores 
relative to key domains and secondary structures B) Example fluorescence spectra used to 
calculate (ratio)A. C) (ratio)A vs. [Zn2+].  The red line is the least squares fit of the data to a 
single site saturable binding curve.  Fitting was accomplished with the Curve Fitting toolbox 
in Matlab. 
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DEER EPR demonstrates a Zn2+-dependent conformational change  

 Although the HSQC NMR and FRET experiments clearly demonstrate a Zn2+-

induced interaction between the two domains of PrP, they do not provide detail on 

whether this ordered state is in equilibrium with extended conformations.  In addition, 

they do not identify which specific N-terminal segments participate in interaction, as 

only C-terminal residues are distinguished in the HSQC experiment.  To directly 

assess the conformational distribution between the N-terminal and C-terminal 

domains, we measured select inter-domain distances using four-pulse double 

electron-electron resonance (DEER) EPR spectroscopy.  The DEER technique, in 

combination with site-directed spin labeling (SDSL), is capable of accurately 

measuring macromolecular distances in the range of 15 Å to 80 Å and has been 

successfully applied in the determination of ligand-induced conformational changes 

in proteins (Jeschke and Polyhach, 2007; Smirnova et al., 2007).  

 Doubly spin-labeled MoPrP constructs were generated in a manner similar to 

the methods employed for the FRET-labeled protein described in the preceding 

section.  In the N-terminal domain, we used the traditional technique of incorporating 

a cysteine residue at the desired label position, followed by reaction with the thiol-

reactive methanethiosulfonate spin label (MTSSL) reagent to give the R1-labeled side 

chain (Hubbell et al., 2000).  Labeling in the C-terminal domain is more challenging 

given the essential disulfide bond between helices 2 and 3, as discussed in Chapter 2 

of this dissertation.  We therefore used genetic methods to incorporate the unnatural 
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amino acid p-acetyl phenylalanine, followed by reaction with a hydroxylamine 

nitroxide reagent to produce the ketoxime-linked K1 side chain (Fleissner et al., 

2009).  The spin labeling reaction giving rise to the K1 side chain is shown in Figure 

10 of the preceding chapter.  

 In order to investigate inter-domain distances in PrP, we developed three 

R1/K1 doubly labeled PrPC constructs and performed the DEER experiment with and 

without Zn2+.  The first construct contained the R1 side chain at residue 66, within the 

octarepeat domain, and K1 at position 200, which is a surface site at the beginning of 

helix 3 in the globular domain (Figure 25A).  The HSQC experiments indicate that 

the Zn2+ driven interaction occurs between these two specific regions.  In the absence 

of Zn2+, the DEER dipolar evolution for PrP(Q66R1/T200K1) is shallow and the 

resulting distance distribution between the two labels is broad, consistent with an 

ensemble of distances between 20Å and 60Å (Figure 25B).  However, upon addition 

of excess Zn2+, the dipolar evolution deepens and the distance distribution sharpens 

with a pronounced peak at approximately 22 Å.  Along with the NMR experiments, 

these data demonstrate a close contact between the Zn2+ occupied octarepeat domain 

and the N-terminal segment of helix 3. 
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Figure 25.  Zn2+-mediated interaction by DEER 

A) Schematic representation of MoPrP showing spin label positions in relation to known 
secondary structures. B) Background subtracted dipolar evolution transients and 
corresponding distance distributions for the three doubly labeled PrP constructs in the absence 
of metal (blue) and in the presence of 2 mM Zn2+(red). C) DEER data for MoPrP 
Q66R1/T200K1 with 0, 100, and 500 µM ZnCl2.  All data were analyzed with the 
DeerAnalysis 2011 software package (Jeschke et al., 2006). 

 

 In the second construct, PrP(S102R1/T200K1), the R1-labeled side chain was 

placed in the ~30 amino acid linker region between the octarepeat domain and the 

folded C-terminus.  Addition of Zn2+ also sharpens the distance distribution, with a 

peak at 28 Å, but less so than observed for PrP(Q66R1/T200K1).  This result suggests 
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that the linker retains partial conformational heterogeneity and is further removed 

from residue T200 than the octarepeat domain in the presence of Zn2+.  Finally, we 

examined PrP(S102R1/Q222K1), with labels in the linker region and at the C-

terminus of helix 3, which is just outside of the interaction domain identified by the 

NMR experiments.  Here we observe no sharpening of the distribution upon the 

addition of Zn2+.  Taken together, these data support the formation of an organized 

structure in the presence of Zn2+ in which the octarepeat domain docks specifically 

against the C-terminal surface of PrPC identified by the NMR experiments. 

 The strongly interacting PrP(Q66R1/T200K1) construct was further examined 

with a Zn2+ titration experiment, as shown in Figure 25C.  The distance distribution 

derived from the DEER experiment sharpens between 100 µM and 500 µM added 

Zn2+, consistent with the reported dissociation constant of the PrP- Zn2+ complex of 

approximately 200 µM determined from DEPC modification of octarepeat peptides 

(Walter et al., 2007).  This result further supports the assertion that the observed 

conformational change is driven by Zn2+ coordination to the octarepeat domain. 

 

Pathogenic mutants alter the inter-domain tertiary contact 

 The region we identify here as the C-terminal docking surface for the Zn2+-

occupied octarepeats is within a region of PrPC that carries the majority of point 

mutations known to confer inherited forms of prion disease (Figure 28) (Mead, 2006).  

To test whether familial mutations would alter the Zn2+-driven tertiary structure, we 

repeated our HSQC titration experiments with MoPrP(E199K) and MoPrP(D177N) 
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(E200K and D178N in the human sequence), which are the two most common 

mutations worldwide that give rise to familial prion disease (Mead, 2006).  The NMR 

spectra of these mutants reveal a significant decrease, relative to wild type, in the 

number of affected C-terminal residues, as shown in Figure 26(C and D).  

Specifically, MoPrP(E199K) shows a decrease in the size of the affected patches on 

both helices 2 and 3, with 13 peaks of 99 assigned peaks broadened to the point of 

being unobservable.  In the case of MoPrP(D177N), much of the interaction with 

helix 2 is lost, with 17 of 94 total C-terminal peaks unobservable due to broadening, 

compared to 21 of 101 peaks for the wild type protein. 
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Figure 26.  Affected residues of D177N, E199K, and Q218K mutants by NMR  

A) Wild type MoPrP(23-230) with broadened (black) and shifted (gray) peaks from addition 
of 3 equivalents of Zn2+ mapped onto the structure of the C-terminal domain.  B) Dominant 
negative mutant Q218K. C) and D) CJD/FFI-associated mutant D177N and CJD-associated 
mutant E199K, respectively.  NMR conditions for all mutants were identical to those used 
with wild type MoPrP. 

  

 We also examined the disease-associated mutant MoPrP(P101L), which gives 

rise to Gerstmann-Sträussler-Scheinker disease (GSS), as well as the “dominant 

negative” Q219K polymorphism that is shown to protect against sporadic CJD in 

humans based on statistical analysis of Asian populations (Goldfarb et al., 1992; 

Mead, 2006; Shibuya et al., 1998).  Interestingly, the P101L mutant also resulted in 

an apparent decrease in Zn2+-mediated interaction as observed by NMR, although to a 

lesser extent than the E199K and D177N mutants (data not shown).  This effect is 

somewhat surprising, as residue 101 resides in the flexible linker region between the 
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octarepeat domain and the globular C-terminus.  In contrast to the pathogenic 

mutants, the MoPrP(Q218K) construct, corresponding to the protective Q219K 

polymorphism in humans, displays NMR resonance perturbations at helices 2 and 3 

that are qualitatively similar to that of wild type.  This suggests that the N- to C-

terminal interaction in PrP is not significantly affected by this substitution (Figure 

26B).   

 Peak heights in NMR decrease with increasing linewidth, and therefore 

analysis of the 1H-15N HSQC peak intensities with and without Zn2+ can be used to 

quantitate peak broadening induced by inter-domain association.  Figure 27 

summarizes the relative peak intensities (I/I0) of the assigned resonances of helices 2 

and 3 for each MoPrP construct studied, where I0 is the peak intensity without added 

metal and I is the peak intensity in the presence of three equivalents of ZnCl2.  

Analysis of the combined results suggests that pathogenic mutations lead to a 

systematic weakening of the Zn2+-driven tertiary fold of PrP as measured by NMR.  

Moreover, the protective Q218K mutation does not significantly alter the Zn2+-driven 

interaction, suggesting that attenuation of inter-domain structure may be a common 

theme in certain types of familial prion disease. 
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Figure 27. Normalized NMR peak intensities for MoPrP constructs 

The normalized peak intensities (I/I0) averaged over all assigned 1H-15N HSQC resonances of 
helices 2 (left) and 3 (right) for MoPrP constructs studied.  The dotted horizontal lines 
correspond to the average I/I0 values for wild type MoPrP(23-230) and are shown for visual 
reference. 
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Electrostatic calculations show a negatively charged patch at the interaction surface 

 Of the 17 pathogenic mutations in helices 2 and 3, eight involve a shift in 

charge, and without exception, all of these specific mutations increase positive charge 

by either loss of an acidic side chain, gain of a basic side chain, or both (Figure 28) 

(Shen and Ji, 2011).  Among these charge increasing mutations are those responsible 

for the most prevalent inherited diseases: E200K (change of +2), resulting in the 

development of CJD, and D178N (change of +1), which confers either fatal familial 

insomnia (FFI) or CJD, depending on the Met/Val polymorphism at position 129 

(Goldfarb et al., 1992).  Based on this observation, we hypothesized that the local 

increase in C-terminal positive charge at helices 2 and 3 would electrostatically 

weaken the interaction with the Zn2+-occupied octarepeat domain.  We therefore 

examined the surface charge properties of these constructs using electrostatic 

calculations.  The Adaptive Poisson-Boltzmann Solver (APBS) plugin in PyMOL 

was used to generate surface electrostatics based on the NMR structure of 

MoPrP(121-230) (PDB 1XYX) (Baker et al., 2001; Dolinsky et al., 2007).  The 

results show an intensely negative region centered between helices 2 and 3 that is 

defined by amino acid residues E199, E206, E210, and D177 (Figure 29A).  This 

negative patch, previously observed by Zhang et al., coincides with the affected 

regions we observe by 1H-15N HSQC NMR upon the addition of zinc (Zhang et al., 

2000).  Although other electronegative regions exist on the surface of the protein, for 

example at the C-terminus of helix 3, HSQC peaks corresponding to this region are 

not significantly affected in the NMR experiments. 
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Figure 28.  Schematic of inherited mutations in the Prnp gene 

Mutations that have been linked to familial prion disease in humans are displayed below the 
primary sequence schematic, and are shown in relation to known secondary structures (Mead, 
2006).  Amino acid substitutions resulting in a net gain of positive charge are highlighted in 
red.  The protective polymorphism Q219K is displayed above the PrPC schematic.     

 

 We then used computational techniques to produce structural models of the 

pathogenic and dominant negative mutants, and examined their surface electrostatics 

with APBS.  While the negative patch is only slightly attenuated in the D177N 

mutation (data not shown), E199K reveals a marked change in the electronegative 

region owing to replacement of a negatively charged glutamate with a positively 

charged lysine at the N-terminus of helix 3 (Figure 29B).  We therefore put forward 

the hypothesis that interaction between the N- and C-terminal domains may be 

weakened in pathogenic mutants due to the loss of negative charge in either helix 2 or 

helix 3.  The net gain of positive charge on this surface would result in diminished 

electrostatic affinity with the positively charged Zn2+ ion bound to the octarepeat 



 99

domain.  We note that the surface electrostatics of helices 2 and 3 are obviously 

unchanged in the pathogenic mutant MoPrP(P101L), and therefore cannot explain the 

apparent attenuation of N-terminal/C-terminal interaction in this construct.  One 

possible explanation is that the conformationally rigid proline residue is necessary for 

the ability of the Zn2+ occupied N-terminus to interact with the C-terminus, and that 

mutation to leucine inhibits the interaction through entropic contributions. 
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Figure 29.  Electrostatic surface potential calculations of PrPC 

Surface electrostatic calculations based off of the NMR structure of MoPrP(121-230) (PDB 
1XYX) of A) wild type MoPrP and B) MoPrP E199K.  Calculations were performed with the 
APBS plugin in PyMOL (Baker et al., 2001; Dolinsky et al., 2007). 
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Molecular modeling of the Zn2+-driven tertiary contact  

 The concept that emerges from our findings is that the Zn2+-coordinated 

octarepeat domain docks to the globular domain exposed surface of PrPC formed by 

helices 2 and 3.  This tertiary interaction is likely assisted and localized by an 

electrostatic attraction between the Zn2+ ion and the negatively charged C-terminal 

patch arising from a cluster of acidic residues.  To explore the feasibility and 

geometric features of this higher order organization in PrPC, we used molecular 

dynamics to simulate the docking of the Zn2+-bound N-terminus to the negative patch 

on the globular C-terminus.  In the starting structure, the Zn2+ ion was coordinated by 

the four histidine epsilon nitrogens within the octarepeat domain at a set bond 

distance of 1.99 Å, and inter-atom angles were defined to maintain tetrahedral 

geometry.  Beyond this, the N-terminal domain up to residue 125 was left 

unrestrained.  The C-terminal domain backbone was confined to its NMR structure 

(PDB 1XYX).  The solvated starting structure was energy minimized and subjected to 

600 picoseconds of simulated annealing with the two DEER-derived distance 

restraints, S102 to T200 and Q66 to T200, both set at 10 to 20 Å.  In addition, we 

included two distance restraints suggested by the HSQC spectra and electrostatic 

calculations: D177 to Zn2+ and E199 to Zn2+, both at 5 to 15 Å.  Next, the distance 

restraints were removed, and the protein was subjected to 400 picoseconds of 

constant pressure and volume simulation, which yielded no significant changes to the 

protein structure.  The resulting model is presented as Figure 30.  The Zn2+-bound 

octarepeat region (purple) is stabilized at the C-terminal end of helix 2 and the N-
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terminal end of helix 3.  This C-terminal surface is formed primarily by the 

contiguous sequence from residue 177 to 210 (mouse numbering).  We note that the 

majority of mutation sites resulting in familial prion disease reside within this stretch 

of amino acids, supporting the hypothesis that disruption of this tertiary structure may 

be a mechanism of inherited prion disease pathogenesis.  
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Figure 30.  Molecular model of Zn2+-driven tertiary structure 

Energy minimized model of Zn2+-mediated inter-domain structure of PrPC generated by 
molecular dynamics simulation with GROMACS.  The Zn2+-bound octarepeat domain 
(purple) is shown in complex with the negatively charged surface of helix 2 and 3.  Acidic 
side chains defining this surface site are indicated. 

 

Discussion 

 All structural studies of full-length PrPC to date have found that the N-

terminal region (residues 23-120) is dynamically disordered, with no discernible 

secondary structure.  Moreover, the majority of this flexible region resides outside of 
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the protease-resistant core of PrPSc, and its presence is not required for scrapie 

propagation (Flechsig et al., 2000; Prusiner, 1989).  As such, the N-terminal region of 

PrP has often been regarded as an appendage – an “N-terminal tail” – with little or no 

relevance to PrP structure or misfolding.  Mounting biological and biophysical 

evidence collected over the past 15 years has gradually shifted this paradigm (Pauly 

and Harris, 1998; Stevens et al., 2009; Taylor et al., 2005; Thakur et al., 2011; Watt et 

al., 2012).  Several very recent studies have demonstrated an integral role of the N-

terminal domain in PrP-induced neurotoxicity and PrPSc pathology, and have sparked 

a renewed interest in research aimed at understanding both the function of the N-

terminus in healthy tissue, and its involvement in prion pathogenesis (Herrmann et al., 

2015; Lau et al., 2015; Sonati et al., 2013).  The findings presented here add 

significantly to our knowledge of inter-domain communication in PrP, and point to a 

crucial role for metal ions.  Experimental evidence from NMR, EPR, and FRET 

consistently show that the Zn2+-occupied octarepeat domain makes a tertiary contact 

with the exposed C-terminal surface formed by helices 2 and 3.  Our results also 

reveal a previously unseen correlation between inherited prion disease mutations and 

this in vitro structural change, hinting at a possible mechanism of pathogenesis in 

these familial mutants. 

 Our 1H-15N HSQC experiments reveal Zn2+-induced peak broadening of C-

terminal residues in full-length wild type PrP.  In contrast, parallel NMR experiments 

with N-terminally truncated PrP(90-230) show almost no change in C-terminal line 

shapes or chemical shifts, indicating that changes in the globular domain structure are 
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due to long-range tertiary interaction with the Zn2+-bound octarepeat domain.  This 

interpretation is supported by DEER EPR and FRET studies, both demonstrating a 

contraction of inter-domain distance in the presence of zinc.  The DEER experiments, 

which employ several labeling positions in both domains, further indicate that the 

octarepeat domain is the N-terminal segment participating in the domain-domain 

interaction.  Interestingly, we observe an apparent weakening of inter-domain 

structure, as evidenced by reduction in Zn2+-induced NMR peak broadening, in 

mutants associated with inherited prion disease, specifically D177N, E199K, and 

P101L.  Comparison with the protective polymorphism Q218K, which does not 

display attenuated peak broadening compared to wild type, suggests that the 

pathogenic mutations included in this study possess systematically altered structures 

or dynamics.  Interestingly, the D177N and P101L mutations, along with another 

linker domain mutant A116V, were shown to abolish PrP-mediated neuronal zinc 

uptake through AMPA receptors, suggesting that metal-mediated structure may be an 

important aspect of PrP function (Watt et al., 2012).    

 Pathogenic mutations in PrPC were originally hypothesized to 

thermodynamically destabilize the C-terminal structure of PrPC, thereby rendering the 

protein more susceptible to misfolding into the scrapie form (Huang et al., 1994). 

However, structural studies have revealed only minimal changes in the three-

dimensional fold, and denaturation studies show no systematic variation in stability 

(Bae et al., 2009; Biljan et al., 2011; Lee et al., 2009; Liemann and Glockshuber, 

1999; Swietnicki et al., 1998; Zhang et al., 2000).  It has been noted that familial 
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prion diseases seem to arise from mutation directional selection, in which all 

pathogenic mutations either increase positive charge or hydrophobicity (Shen and Ji, 

2011).  Our results suggest that the D177N and E199K mutations systematically alter 

Zn2+-mediated N-terminal/C-terminal interaction, likely by reducing the negative 

surface potential on helices 2 and 3.  We therefore hypothesize that this class of 

charge-altering mutations at helices 2 and 3 of PrPC may destabilize the Zn2+-driven 

tertiary fold reported here by disruption of electrostatic interaction.  In this scheme, 

altered domain-domain structure in the mutant proteins might either inhibit functional 

interactions of PrPC or promote aberrant neurotoxic interactions, leading ultimately to 

neurodegeneration and disease.  Alternatively, a disruption of metal-driven tertiary 

structure could promote misfolding to, or increase binding to, PrPSc.   

 Our NMR results with the GSS-causing P101L mutant also suggest altered 

inter-domain contact; however, unlike the charge changing mutations E199K and 

D177N, these results can not be rationalized in terms of decreased electrostatic 

interaction.  Since this mutation occurs in the linker segment joining the octarepeat 

domain and the globular C-terminus and involves the loss of a conformationally rigid 

proline residue, it is possible that the native proline allows for a conformation in 

which the octarepeats can approach helices 2 and 3.  Such stabilization of protein 

structure owing to the decreased conformational entropy of proline has been 

previously reported (Matthews et al., 1987).  This idea that the linker region is critical 

for maintaining inter-domain structure, and that disruption of inter-domain structure 

contributes to disease, may offer an explanation for the neurodegeneration and 
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neonatal lethality observed in transgenic mice with linker domain deletions (∆105-

125) (Baumann et al., 2007; Li et al., 2007).  The underlying cause of the severe 

neurodegeneration in these mouse lines has been a major mystery in prion biology, 

though aberrant glutamate-induced excitotoxicity has been implicated (Biasini et al., 

2013).  On a molecular level, the derangements have been hypothesized to occur from 

an inability of these mutant proteins to be properly proteolyzed, resulting in excessive 

activity of cell surface receptors by the N-terminal domain of PrP (McDonald and 

Millhauser, 2014).  However, it is also possible that toxicity in these central domain 

deletions results from elimination of inter-domain PrP structure.  The question of 

whether or not inter-domain structure can exist in these central domain deletions is 

being actively pursued.  

 PrP binds both Cu2+ and Zn2+ (Walter et al., 2007).  In this study, we have 

focused on the effects of zinc for several reasons.  Zinc is an abundant metal ion in 

the brain, and is clearly relevant in physiologic processes involving PrPC (Hooper et 

al., 2008; Watt and Hooper, 2003; Watt et al., 2012).  Moreover, unlike Cu2+, Zn2+ 

binds to PrP with only one coordination mode and is diamagnetic, thus avoiding 

paramagnetic line broadening in the NMR experiment and potential quenching of the 

fluorescent dyes in FRET experiments.  The paramagnetism of Cu2+ might also 

complicate inter-spin distance measurements determined with DEER, although this 

same property can be exploited for studying the Cu2+-bound protein by EPR, as is 

discussed in detail in Chapter 4 of this dissertation.  A recent study provides 

preliminary evidence that a similar inter-domain tertiary contact is also present in 
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Cu2+-bound PrP (Thakur et al., 2011).  Through analysis of Cu2+-induced 

paramagnetic line broadening of the 1H-15N HSQC NMR spectrum, the authors 

identify a long-range tertiary contact at helices 1 and 2.  Their results are supported 

by small angle X-ray scattering experiments showing a small contraction of the 

protein radius of gyration in the presence of Cu2+.  These findings are roughly in line 

with our results in the presence of Zn2+, and suggest that metal-mediated tertiary 

structure may be a feature common to both zinc and copper-bound PrPC. 

 In summary, our findings reveal a fundamentally new tertiary structure in 

PrPC, assisted by Zn2+ coordination in the octarepeat domain.  The correlation we find 

with familial disease mutants suggests that stabilization of this tertiary fold may 

inhibit the misfolding of PrPC into the pathogenic PrPSc.  This view is supported by 

the observation that both Cu2+ and Zn2+ inhibit in vitro amplification of prions (Orem 

et al., 2006).  Consequently, small molecules or accessory proteins that reinforce this 

newly identified fold could potentially serve in the treatment of prion diseases.  
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CHAPTER 4   

MOLECULAR DETAILS OF INTER-DOMAIN 

STRUCTURE IN COPPER-BOUND PRPC
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Introduction 

 Prion diseases, also known as transmissible spongiform encephalopathies 

(TSEs), are fatal neurodegenerative diseases of mammals that arise from the 

conversion of the endogenous cellular prion protein (PrPC) into an infectious and 

beta-sheet rich form known as PrP scrapie (PrPSc) (Basler et al., 1986; Prusiner, 1982; 

Soto, 2011).  The TSEs include bovine spongiform encephalopathy (BSE) in cattle, 

scrapie in sheep, and chronic wasting disease (CWD) in deer and elk, as well as the 

human afflictions Creutzfeldt-Jakob disease (CJD), fatal familial insomnia (FFI), and 

Kuru.  In its mature form, the cellular prion protein is approximately 209 amino acids 

and consists of a flexible N-terminal domain (residues 23-121) that selectively binds 

Cu2+ and Zn2+ and a globular C-terminal domain (~121-231) composed of three alpha 

helices and one short anti-parallel beta sheet (Figure 31) (Riek et al., 1997; Walter et 

al., 2007).  In vivo, PrP is attached to the extracellular membrane by way of a 

glycophosphatidylinositol (GPI) anchor, and is variably glycosylated at asparagines 

181 and 197 (Riesner, 2003).  Although ubiquitously expressed, PrPC is enriched at 

the pre- and postsynaptic membranes of neurons where it is believed to play a critical 

role in neuronal maintenance, neuroprotection, and metal ion homeostasis (Herms et 

al., 1999; Millhauser, 2011; Steele et al., 2007; Um et al., 2012). 

 Although the precise physiological function of PrPC has yet to be determined, 

mounting evidence suggests that metal binding plays an essential role.  Cu2+ 

upregulates expression of the gene encoding PrP, and both Cu2+ and Zn2+ stimulate 
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the rapid endocytosis and trafficking of PrP in neuronal cells (Armendariz et al., 

2004; Brown and Harris, 2003; Hooper et al., 2008; Pauly and Harris, 1998; Perera 

and Hooper, 2001; Varela-Nallar et al., 2006).  PrP has been evolutionarily linked to a 

subset of the ZIP family of metal ion transporters and, indeed, regional concentrations 

of copper, zinc, and iron in the brain correlate with PrP expression levels (Pushie et 

al., 2011; Schmitt-Ulms et al., 2009).  Moreover, transgenic mice and cultured cells 

lacking PrP display copper-induced toxicity (Canello et al., 2012).  PrP has also been 

shown to exert a regulatory effect on a surprisingly large number of cell surface 

receptors, including ion channels and G protein-coupled receptors, pointing to a 

multifaceted role in neuronal function (Biasini et al., 2012; Linden et al., 2008).  

Recent work has demonstrated that PrP stimulates zinc transport into neuronal cells 

by a mechanism that is independent of endocytosis and involves direct interaction 

with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 

(Watt et al., 2012).  PrP also regulates N-methyl-D-aspartate (NMDA) receptors, 

protecting against Ca2+ overload and cytotoxicity induced by prolonged glutamate 

exposure (Stys et al., 2012; You et al., 2012).  Importantly, this regulation of NMDA 

desensitization by PrP is Cu2+-dependent.   

 Given the abundance of evidence linking metal ions and PrP function, 

considerable effort has been aimed at understanding its metal-binding properties, 

particularly with respect to its highest affinity ligand, copper.  As a result, the 

molecular details of PrP Cu2+ uptake are now reasonably well understood (Millhauser, 

2007).  In contrast, the role of copper in the progression of prion diseases is still 
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unclear.  Cu2+-binding to cultured cells is impaired by prion infection, and brain 

levels of copper are significantly reduced in sporadic CJD patients (Rachidi et al., 

2003; Wong et al., 2001).  In addition, genetic expansion of the metal-binding 

octarepeat domain alters the Cu2+-binding properties of PrP and results in familial 

prion disease, providing a strong link between pathogenesis and PrP Cu2+-binding 

(Stevens et al., 2009).  However, several seemingly contradictory reports exist in the 

literature regarding the role of copper in prion disease.  On one hand, Cu2+ chelation 

with D-penicillamine was observed to delay the onset of disease in mice, suggesting a 

participatory role of Cu2+ in PrPSc propagation (Sigurdsson et al., 2003).  In support 

of this conclusion, mutation to the copper transporter ATP7A, resulting in reduced 

copper concentrations in the brain, inhibited PrPSc formation in mice and slowed the 

progression of disease (Siggs et al., 2012).  On the contrary, others have reported that 

Cu2+ reduces PrPSc accumulation in scrapie-infected N2a cells (Hijazi et al., 2003).  

Likewise, mice and hamsters fed on Cu2+-supplemented diets displayed slowed 

disease progression when challenged with PrPSc, whereas dietary copper depletion 

accelerated disease, together suggesting that Cu2+ plays a protective role in prion 

disease (Hijazi et al., 2003; Mitteregger et al., 2009).   

 Equally unresolved are the effects of Cu2+ on the global structure of full-

length prion protein and its propensity to misfold to a protease-resistant form.  Early 

reports showed that Cu2+ induces β-sheet structure and protease resistance in aged 

samples of PrPC (Qin et al., 2000).  Subsequent studies revealed that although high 

concentrations of copper convert PrPC to a protease-resistant and detergent-insoluble 
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form, this species is structurally distinct from PrPSc (Quaglio et al., 2001; Wong et al., 

2003).  A more recent report demonstrated that helical content of PrPC is unaffected 

by excess Cu2+ concentrations of up to at least six molar equivalents (Younan et al., 

2011).  This same study also found that the thermodynamic folding stability of PrPC 

is moderately reduced with even stoichiometric amounts of copper, suggesting that 

Cu2+-induced destabilization of protein secondary structure may contribute to 

misfolding.  However, this idea appears to be inconsistent with the observation that in 

vitro conversion of recombinant PrPC into amyloid fibrils and infectious PrPres is 

inhibited by Cu2+ (Bocharova et al., 2005; Orem et al., 2006).  

 The lack of consensus regarding the role of copper in prion disease and its 

effects on PrPC structure motivates a more detailed understanding of the interaction of 

PrP with this essential metal ion.  Two recent studies have identified novel long-range 

tertiary contacts in full-length PrPC in the presence of copper and zinc (Spevacek et 

al., 2013; Thakur et al., 2011).  In both cases, metal ions bound to the N-terminal 

octarepeat domain result in cis interaction with the globular C-terminus.  In the case 

of Zn2+ binding, the interaction was mapped to a specific surface of the globular 

domain and, importantly, point mutations in the C-terminal domain that result in 

familial disease were shown to decrease the apparent strength of the domain-domain 

interaction (Spevacek et al., 2013).  Thakur et al. observed Cu2+-induced broadening 

in the 1H-15N HSQC NMR spectrum at residues 174-185 of full-length PrP(23-231) 

but not in PrP(90-231), which lacks the octarepeat domain (Thakur et al., 2011).  The 

affected residues correspond to helix 2, and broadening was attributed to intra-protein 
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contact between helix 2 and paramagnetic Cu2+ bound to the N-terminal octarepeat 

domain.  Support for their hypothesis was provided by small-angle X-ray scattering 

(SAXS) and sedimentation velocity experiments showing a slight contraction of the 

protein structure upon copper binding.  The connection between inter-domain 

structure and familial prion disease revealed by Spevacek et al., combined with the 

fact that the affinity of PrPC for Cu2+ is five to six orders of magnitude greater than it 

is for Zn2+, has prompted further investigation into the tertiary structure of the copper-

bound protein. 

 Here, we provide molecular details of inter-domain structure in copper-bound 

PrPC using site-directed spin labeling (SDSL) and electron paramagnetic resonance 

(EPR) spectroscopy.  With genetically incorporated unnatural amino acid spin labels 

placed at multiple sites in the globular C-terminal domain, we detect direct dipolar 

coupling with the intrinsic Cu2+ ion bound with high affinity to the N-terminal 

octarepeat domain.  We then use pulsed double electron-electron resonance (DEER) 

EPR in frozen solution, along with continuous wave (CW) EPR at room temperature, 

to measure distances between each nitroxide spin label and the Cu2+ ion.  Analysis of 

the distances obtained reveals that the Cu2+-bound octarepeat domain docks against 

the same surface of the C-terminal domain as previously identified in the Zn2+-bound 

protein.  Preliminary molecular dynamics (MD) simulations verify a stable structure 

that is stabilized by electrostatic interaction between the copper-bound octarepeats 

and a negatively charged patch defined by acidic residues on helices 2 and 3.  

Disruption of this electronegative patch by mutations that give rise to familial prion 
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disease is hypothesized to destabilize inter-domain structure, and may be a 

mechanism contributing to protein dysfunction and disease in these individuals. 

 

Figure 31. Prion protein structure and spin labeling 

A) Schematic representation of mouse PrP.  Histidine residues involved in Cu2+ binding are 
shown in blue, and the C-terminal amino acids chosen for spin labeling (green) are displayed 
at their positions relative to known secondary structures.  The native disulfide bond of PrP is 
shown in yellow.  B) Structural model of mouse PrP with Cu2+ bound to the four octarepeat 
histidines (component 3).  K1-labeled residues are shown as green spheres. 
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Materials and Methods 

Protein Expression and Purification 

 Recombinant prion protein constructs were expressed in E. coli (BL21 (DE3) 

Invitrogen) coding for Mouse (Mus musculus) PrP (23-230) in the pJ414 vector 

(DNA 2.0).  Codon mutations were introduced using PCR-based site-directed 

mutagenesis with mutagenic primers (Invitrogen) and Phusion DNA Polymerase 

(Finnzymes).  All constructs were confirmed by DNA sequencing.  For unnatural 

amino acid containing constructs, E. coli were additionally transformed with the 

pEVOL plasmid specific for pAcPhe incorporation (Young et al., 2010).  Cells were 

grown in TB media at 37OC to an OD600 of ~1 before protein expression was induced 

with 1mM IPTG and allowed to proceed for 4-5 hr.  For pAcPhe incorporation, the 

media was supplemented with 400 mg/L pAcPhe (Synchem) and expression was 

induced with 300 mg/L L-Arabinose and 1 mM IPTG.  PrPs were extracted from 

inclusion bodies at room temperature with 8 M guanidium chloride (GdnHCl) 

buffered at pH 8 with 0.1 M Tris/sodium acetate, and purified by Ni2+ immobilized 

metal-ion chromatography (IMAC).  PrPs were eluted from the IMAC column with 5 

M GdnHCl at pH 4.5 and supplemented with 5 mM EDTA.  The pH was adjusted to 

8 and protein solutions were left at 4OC for 2 days to facilitate oxidation of the native 

disulfide bond, at which point the denaturant was removed by desalting on a 

Sephadex G25 gel filtration column equilibrated with 10 mM potassium acetate 

buffer at pH 4.5.  Final purification of folded PrP constructs from disulfide-reduced 
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and/or truncated PrP molecules was achieved by reverse phase HPLC on a C4 

column, and protein identities were confirmed by mass spectrometry (ESI-MS).  

Disulfide bond formation was further confirmed by reaction with N-ethylmaleimide 

and subsequent ESI-MS analysis. 

 

Peptide Synthesis 

 The helical peptide Ac-HGGGWAAAAKAAAAKAACAKAAAAK-NH2 

(MW = 2,236 amu) was synthesized by solid-phase peptide synthesis using standard 

Fmoc procedures on a Liberty 1 Microwave Peptide Synthesizer (CEM).  After 

cleavage from ChemMatrix Rink amide resin (Aldrich), the peptide was purified to 

homogeneity by reverse phase C18 HPLC and lyophilized for long-term storage at -

20OC.    

 

Site-directed spin labeling 

 Hydroxylamine spin label HO-4120 was synthesized from 3-carboxy-2,2,5,5-

tetramethyl-2,5-dihydropyrrole-1-oxyl (Kodak) using published procedures (Fleissner 

et al., 2009; Hankovszky et al., 1980; Powell et al., 2000).  Purified PrP constructs 

containing the unnatural amino acid pAcPhe were dissolved in degassed 10 mM 

potassium acetate buffer at pH 4.0 to a final protein concentration of 100 µM.  0.5 

µL/mL of HO-4120, as orange oil, was added and reactions were incubated at 37OC 

for 18-24 hr before purification by HPLC on a C4 column.  R1-labeling of the Cu2+-

binding helical peptide was achieved in 10 mM acetate buffer at pH 4.5 for 4-6 hr at 
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room temperature with a 5-fold excess of MTSSL (Toronto Research Chemicals).  

Labeled peptides were purified by HPLC using a C18 column.  All labeling reactions 

were verified by ESI-MS, and labeled proteins and peptides were lyophilized and 

stored at -20OC until further use. 

 

EPR Spectroscopy 

Sample Preparation 

 Lyophilized protein samples were dissolved in Milli-Q-purified water and 

allowed to fully solubilize prior to all experiments.  Protein concentrations were 

determined from the absorbance at 280 nm of PrP samples diluted into GdnHCl 

buffer, using an extinction coefficient of 64,840 M-1 cm-1 calculated for MoPrP(23-

230)H95Y,H110Y.  EPR samples were prepared to final buffer conditions of either 

25 mM MOPS pH 7.4 with 25% (v/v) glycerol or 25 mM MES pH 6.0 with 25% 

glycerol depending on the desired pH of the experiment.  Cu2+ was mixed with 

protein solutions, prior to buffer addition, from a stock solution of copper acetate in 

which the Cu2+ concentration was accurately determined by EPR.  Zn2+ was added 

from a stock solution of ZnCl2.  For room temperature experiments, 50 µL samples 

containing 10 µM PrP were loaded into glass capillaries and inserted into 4 mm o.d. 

quartz EPR tubes (SQ-707 Wilmad) for measurement.  For low temperature EPR 

experiments, 100-300 µL samples were loaded into 4 mm o.d. quartz EPR tubes and 

flash frozen in liquid nitrogen.  
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CW EPR 

 All CW EPR spectra were recorded on a Bruker EMX spectrometer at ~9.5 

GHz with a Bruker 4122SHQE resonator and 4131VT variable temperature 

controller.  For room temperature amplitude reduction experiments, nitroxide spectra 

were recorded at 298K with a microwave power of ~20 mW, a modulation amplitude 

of 1 G, and a sweep width of 150 G.  Samples were typically averaged over 8 scans, 

and spectra were baseline subtracted and corrected using a LabVIEW program 

written in-house.  For room temperature Cu2+ titrations, each data point is the average 

of three separate samples, with the exception of Q222K1, where two replicates were 

performed due to limited sample.  Signal intensities were measured as the peak-to-

peak amplitude of the center (mI=0) resonance of the nitroxide spectrum. 

 Cu2+ spectra were recorded at 123K with a microwave power of ~1 mW and a 

modulation amplitude of 5 G.  The sweep width was 1200 G for a total of 2048 

points.  Baseline subtraction and correction were performed and concentrations of 

bound copper were determined by double integration of the Cu2+ signal and 

comparison to known standards.  

 Progressive microwave power saturation experiments were performed at 223K 

with a modulation amplitude of 2 G and a sweep width of 150 G.  Spectra were 

recorded with microwave powers (P) ranging from ~25 µW to ~80 mW for each 

sample, and signal intensities (S’) were recorded as the peak-to-peak amplitudes of 

the center (mI=0) line after background subtraction and baseline correction.  Power 

saturation curves were plotted as S’ vs. √P and the parameters P1/2 and b were 
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obtained from least squares fits of the data to Equation 5 using the Curve Fitting 

Toolbox in MatLab.   

 

Pulsed EPR 

 Pulsed EPR experiments were performed on a Bruker E580 X-band 

spectrometer at ~ 9.7 GHz with a Bruker MD-5 dielectric resonator.  Temperature 

control was achieved with liquid helium flow and an Oxford ITC temperature control 

system.  3-pulse ESEEM was performed at 20K using the pulse sequence: (π/2) – τ – 

(π/2) – T – (π/2) – τ – (echo).  Pulses were applied at a field corresponding to the 

maximum of the Cu2+ resonance with a π/2 pulse length of 8 ns and a τ delay of 156 

ns.  The delay T was stepped out in 16 ns increments starting from 312 ns for a total 

of 1024 pts.  A 4-step phase cycle was employed to eliminate unwanted signals. 

 4-pulse DEER was performed with the pulse sequence:  (π/2)υ1 – τ1 – (π)υ1 – 

T – (π)υ2 – τ2 – (π)υ1 – τ2 – (echo).  Spectra were recorded at 20K on the X-band 

instrument described above with the second frequency provided by a Bruker 400U 

DEER module.  The observer pulse frequency was set to the center of the resonator 

mode and the magnetic field was adjusted to correspond to the maximum of the Cu2+ 

signal in the echo-detected field-swept spectrum.  The pump pulse was chosen at a 

frequency 210-277 MHz lower than the observer frequency and corresponded to the 

maximum of the nitroxide spectrum.  Observer and pump π pulses were 16 and 12 ns, 

respectively, and a 2-step phase cycle was employed on the observer π/2 pulse.  

Proton modulations were suppressed by adding spectra recorded at 8 different values 
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of τ1 beginning at 160 ns and incrementing by 8 ns intervals.  Protein concentrations 

for DEER varied between 160 µM and 650 µM, depending on the construct, and 

contained 1 mole equivalent of Cu2+.  Spectra were signal averaged for 8-28 hr 

depending on the sample concentration.  DEER data were analyzed both with the 

DEERAnalysis 2011 software package and with the LongDistances program by C. 

Altenbach, with similar results (Jeschke et al., 2006). 

     

Results 

Site-directed spin labeling 

 Site-directed spin labeling (SDSL) has become an important tool in protein 

biophysics, particularly in applications where high-resolution information from x-ray 

crystallography and NMR is not available.  The introduction of stable nitroxide 

radical side chain probes can give critical information regarding protein secondary 

structure, dynamics, solvent accessibility, membrane orientation, tertiary contacts and 

conformational exchange (Altenbach et al., 2005; Fanucci and Cafiso, 2006; Hubbell 

et al., 2000).  In cases where two spin labels are present, or in systems containing 

both a spin label and a second paramagnetic species such as an organic radical or 

paramagnetic metal ion, EPR can provide distance information based on electron spin 

exchange and/or dipolar coupling (Altenbach et al., 2001; Eaton and Eaton, 2002; 

Schiemann and Prisner, 2007). 

 With the aim of characterizing inter-domain structure in PrP through direct 

dipolar interactions with intrinsically bound Cu2+, we introduced nitroxide spin labels 
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at targeted sites in the structured C-terminal domain of full-length mouse PrP 

expressed in E. coli.  The labeling sites chosen for this study correspond to surface 

exposed residues of helices 2 and 3.  Asn180 and Val188 are located in the middle 

and at the end of helix 2, respectively, and Thr200 and Gln222 reside at the beginning 

and end of helix 3, respectively (Figure 31).  Labels were introduced through site-

specific genetic incorporation of the unnatural amino acid p-acetyl phenylalanine 

(pAcPhe), and subsequent reaction to produce the K1 side chain (Figure 31C) 

(Fleissner et al., 2009).  The K1 labeling strategy is preferred here over traditional 

SDSL methods reliant on reactive sulfhydryl groups of cysteine residues due to the 

essential native disulfide bond connecting helices 2 and 3 in PrP.  The introduction of 

additional cysteines in the C-terminal domain can result in spurious non-native 

disulfide bonding upon oxidative refolding of the recombinant protein (E. G. B. 

Evans, unpublished), whereas incorporation of the chemically orthogonal pAcPhe 

ensures that only the native disulfide is formed.     

  

Control of Cu2+-coordination 

 Copper uptake by full-length recombinant PrP is complex and depends 

critically on the relative concentrations of copper and protein, as well as on solution 

pH (Aronoff-Spencer et al., 2000; Chattopadhyay et al., 2005; Millhauser, 2007; 

Whittal et al., 2008).  At pH 7.4 the octarepeat domain (residues 59-90) binds Cu2+ in 

three distinct coordination modes depending on the relative amounts of copper 

available to the peptide (Chattopadhyay et al., 2005).  At low copper occupancy, the 
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octarepeat domain binds a single Cu2+ ion using all four histidine imidazole side 

chains in a square planar geometry (Figure 31A) (Pushie et al., 2014).  This multi-

histidine coordination mode has a net charge of +2 and is commonly referred to as 

component 3.  Reported dissociation constants for component 3 range from ~0.1-10 

nM (Nadal et al., 2009; Walter et al., 2006).  As the copper-to-protein ratio is 

increased, octarepeat binding transitions through an intermediate two-histidine 

binding mode (component 2) to a high-occupancy structure in which each individual 

repeat of PHGGGWGQ coordinates a single Cu2+ ion.  This high-occupancy binding 

mode (component 1) coordinates copper through the imidazole nitrogen of histidine 

along with backbone amide nitrogens from the second and third glycine residues, and 

the carbonyl oxygen of the third glycine (Burns et al., 2002; Chattopadhyay et al., 

2005).  The crystal structure of component 1 also reveals an axial water molecule that 

is hydrogen bound to the indole nitrogen of tryptophan, forming a square pyramidal 

complex (Burns et al., 2002).  The affinity of component 1 for Cu2+ is significantly 

less than that of component 3, with measured dissociation constants ranging from 

~100 nM - 10 µM (Nadal et al., 2009; Walter et al., 2006). 

 PrP also binds copper at two sites just C-terminal to the octarepeat domain 

defined by histidines 95 and 110 (Burns et al., 2003; Jones et al., 2004; 2005).  These 

sites, variably referred to as the 5th site or non-octarepeat sites, occur in a region of 

the protein that converts to beta-sheet in the course of prion disease and is retained in 

the protease resistant core of PrPSc (Prusiner et al., 1984).  Cu2+-binding in this region 

has been linked to functional proteolytic processing of PrP, increased local structure, 
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and has been hypothesized to inhibit the formation of PrPSc (Cox et al., 2006; 

Mcdonald et al., 2013; Younan et al., 2011).  Each non-octarepeat histidine can bind a 

single equivalent of Cu2+ with nanomolar to sub-nanomolar dissociation constant, 

placing them roughly equal in affinity to the tightest binding octarepeat mode 

(component 3) (Nadal et al., 2009; Walter et al., 2009).  Indeed, the first few 

equivalents of copper titrated into full-length PrP are distributed equally between 

component 3 and the non-octarepeat sites as detected by EPR (Walter et al., 2009).  

Lastly, the extreme N-terminus of PrP is capable of binding Cu2+ through the terminal 

amino group with a dissociation constant that is roughly equivalent to the single 

histidine (component 1) octarepeat binding mode (Stanyon et al., 2014; Whittal et al., 

2008) and (E. D. Walter and A. J. McDonald, unpublished).  In total, full-length PrP 

can bind up to seven equivalents of copper per protein molecule at saturation at pH 

7.4: four in the octarepeat domain, two in the non-octarepeat sites, and one at the 

extreme N-terminus. 

 In order to reduce the complexity of copper binding and facilitate dipolar-

based distance measurements between the copper-bound octarepeat region and 

nitroxide spin labels in the C-terminal domain, we adopted two strategies.  First, we 

abolished non-octarepeat copper binding by mutating residues H95 and H110 to the 

isostructural amino acid tyrosine.  Previous studies of metal-induced inter-domain 

contact, both with Cu2+ and Zn2+, have clearly implicated the octarepeat domain as 

the site of interaction (Spevacek et al., 2013; Thakur et al., 2011).  Therefore, we 

hypothesized that removal of metal binding sites extrinsic to the octarepeats would 
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not significantly affect inter-domain structure.  Secondly, it is well known that Cu2+ 

binding to PrP is highly sensitive to pH.  Component 1 binding, presumably due to 

the high pKa values of the coordinating backbone amide groups, is strongly inhibited 

at acidic pH (Aronoff-Spencer et al., 2000).  In contrast, binding modes involving 

histidine side chains, i.e. component 2 and component 3, are relatively unaffected by 

decreases in pH until values drop below pH ~5 (Whittal et al., 2008). 
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Figure 32. MoPrP H95Y,H110Y Cu2+ coordination.  

A) CW EPR at 123 K with increasing additions of Cu2+ at pH 6.  Component 3 coordination 
dominates through one equivalent bound, at which point the spectra begin shifting toward 
component 2 (higher g|| and lower A||). Beyond two equivalents, a signal arising from non-
protein bound Cu2+, as Cu(H2O)6, begins to appear (asterisk).  B) A comparison of the low 
field (mI = -3/2 and -1/2) hyperfine lines with 1.2 equivalents Cu2+ bound at pH 6 and pH 7.4.  
Additional spectral components at pH 7.4 arise from Cu2+ bound as single histidine 
(component 1) and to the extreme amino-terminal segment of the protein. 
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 Figure 32A shows the EPR spectra of full-length mouse PrP H95Y,H110Y 

titrated with Cu2+ at pH 6.  With up to one equivalent of Cu2+ added, copper is bound 

to the protein quantitatively as a single component.  Least squares fitting of the EPR 

spectra at less than one equivalent Cu2+ yields spin Hamiltonian parameters g|| and A|| 

that agree well with reported values for four-histidine component 3 binding (Table 4) 

(Kowalski and Bennett, 2011).  In addition, pulsed electron spin echo envelope 

modulation (ESEEM) spectroscopy shows enhanced double quantum transitions that 

are indicative of multiple histidine coordination (Figure 33) (Chattopadhyay et al., 

2005).  As copper is titrated past one equivalent, the EPR spectrum shifts toward 

higher g|| and lower A|| values, consistent with component 2-type coordination.  In 

excess of two equivalents of Cu2+ added, a sharp peak becomes apparent at the low 

field edge of the spectrum that arises from free copper, as [Cu(H2O)6]2+, suggesting 

that at pH 6 only two equivalents of Cu2+ are bound to the protein at saturation.  This 

finding is in agreement with mass spectrometry data obtained for octarepeat peptide 

constructs of PrP obtained at pH 6 and is consistent with molecular features 

previously reported for component 2 (Chattopadhyay et al., 2005; Whittal et al., 

2008).  In fact, even at a four-fold excess of Cu2+, spectral features corresponding to 

component 1 and extreme N-terminal binding are not observed at pH 6.  A 

comparison of the Cu2+ EPR spectra of MoPrP(23-230)H95Y,H110Y at pH 6.0 and 

pH 7.4 is shown in Figure 32B in which 1.2 equivalents of Cu2+ are bound.  Whereas 

the spectrum at pH 6 displays singular values of g|| and A|| consistent with component 

3 coordination, the spectrum at pH 7.4 consists of a mixture of coordination modes.  
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While the major species does indeed correspond to component 3, the minor spectral 

feature is comprised of a mixture of component 1 and extreme N-terminal binding as 

determined by least squares fitting (data not shown).  It therefore seems that 

performing experiments at pH 6.0 with protein constructs lacking the non-octarepeat 

histidines is a viable strategy to obtain homogeneous Cu2+ coordination in full-length 

recombinant PrP, provided that the Cu2+-to-protein ratio is held at 1. 
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Figure 33.  3-pulse ESEEM.   

3-pulse ESSEM frequency spectrum of MoPrP(23-230) H95Y,H110Y with one equivalent of 
Cu2+ at pH 6.  Spectrum was recorded at X-band frequency at 20K with a τ delay of 156 ns.  
Pulses were applied at a magnetic field corresponding to the maximum of the Cu2+ field swept 
spectrum. 
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Table 4. MoPrP(23-230)H95Y,H110Y spin Hamiltonian parameters at pH 6.0*    

Cu2+ equivalents 

 

≤ 1 

2 

 

g|| 

 

2.264 

2.274 

 

A||  (MHz) 

 

555.6 

544.5 

 

 

 

Progressive microwave power saturation 

 Magnetic dipole-dipole interaction between a slowly relaxing spin, such as 

that of an organic radical, and a more quickly relaxing spin, such as a paramagnetic 

metal ion, will result in an enhancement of the spin lattice relaxation rate (1/T1) of the 

slowly relaxing spin.  In frozen solution, the relaxation enhancement is described by 

the orientation dependent dipolar rate constant, k1(θ) (Hirsh and Brudvig, 1993; 

Kulikov and Likhtenstein, 1977). 

 

Equation 4: 

435 = 	678� 9 �1 − 3 cos >�
6@�8 − �6AB6

+ 3 sin > cos >�8B36 + 3 sinE >
2@�8 + �6AB6

G 

 

The subscripts (s) and (f) refer to the slowly-relaxing (i.e. nitroxide) and fast-relaxing 

(i.e. Cu2+) electron spins, ω is the electron resonant frequency, µ is the magnetic 

moment, and γ is the gyromagnetic ratio.  T1 and T2 are the spin-lattice and spin-spin 

*Values were obtained from least-squares fitting of the experimental data with single-
component simulated spectra in EasySpin (Stoll and Schweiger, 2006).  



 139

relaxation times, respectively; r is the inter-spin distance, and θ is the angle between 

the inter-spin vector and the external magnetic field.  In the case of a Cu2+ ion 

coupled to a nitroxide radical at X-band frequency (~9 GHz) near liquid nitrogen 

temperatures, only the first bracketed term in Equation 4 will contribute significantly 

to the dipolar rate constant (Hirsh et al., 1992). 

 The presence of a dipolar-induced rate enhancement such as that described by 

Equation 4 can often be confirmed through studies of the progressive microwave 

power saturation behavior of the slowly-relaxing spin (Hirsh and Brudvig, 2007).  In 

general, the intensity of an EPR signal will increase with increasing microwave 

power.  However, at sufficiently high incident power, the rate at which energy is 

absorbed by the sample approaches the rate at which the spins can relax to their 

equilibrium population and the spin system becomes “saturated.”  As the power is 

further increased, the observed signal will no longer increase linearly with the square 

root of power, and will often begin to decrease in intensity.  The peak-to-peak 

amplitude of the first derivative EPR signal (S’) can be described by Equation 5 

below. 

 

Equation 5: 

H/ = I √L
M1 + L L3 ⁄⁄ NO ⁄    
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Here, K is a constant, P is the incident microwave power, P1/2 is the power at half 

saturation, and b is a factor between 1 (for an inhomogeneous line) and 3 (for a purely 

homogenous line) (Galli et al., 1996).  P1/2 is directly related to the product of the 

electron spin-lattice and spin-spin relaxation rates (Altenbach et al., 1989). 

 

Equation 6: 

L3/ ∝ 43 ∙ 4 ∝ 1B3 ∙ B 

 

As a result, dipolar relaxation enhancement by a transition metal ion will require that 

greater microwave powers be applied to reach saturation.  Hence, the measured value 

of P1/2 will be larger in a sample exhibiting dipolar interaction as compared to the 

same sample in the absence of the paramagnetic metal ion (Galli et al., 1996; Hirsh 

and Brudvig, 2007; Hirsh et al., 1992). 

 We performed progressive power saturation EPR at 223K on the four spin-
labeled PrP constructs in the presence of one equivalent of Cu2+ as well as in the 
presence of excess Zn2+.  Zinc will also bind to the octarepeat domain of PrP; 
however, because it is diamagnetic, it will not produce a dipolar induced relaxation 
enhancement.  The power saturation curve for PrP N180K1 in the presence and 
absence of Cu2+ is shown in Figure 34A.  The addition of Cu2+ has a clear effect on 
the relaxation properties of the K1 label, manifested by increased powers (and 
correspondingly increased signal intensities) reached before the system begins to 
saturate.  The solid lines in Figure 34A are least squares fits of the data to Equation 5 
where K, P1/2, and b were treated as adjustable parameters.  The results are 
summarized in   
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Table 5.  Indeed, each spin-labeled PrP construct displays a higher P1/2 value in the 

Cu2+-bound state than in the Zn2+-bound state, providing strong evidence for a dipolar 

induced relaxation enhancement (Figure 34B).  Fitted values of the parameter b are in 

the range of 1.7-2.1 for all samples, indicating a mixture of homogeneous and 

inhomogeneous broadening mechanisms. 

 Because P1/2 values are proportional to the product T1T2, determining precise 

inter-spin distances based on power saturation data is difficult and problematic (Hirsh 

and Brudvig, 2007).  Nevertheless, it is worthwhile to compare the change in P1/2 (i.e. 

∆P1/2) upon addition of Cu2+ for each PrP mutant, as this value can give information 

on the extent of relaxation enhancement at each label site, and thus may provide a 

relative interpretation of inter-spin distance.  As seen in Figure 34B, the greatest 

change in P1/2 occurs in the constructs labeled at residues 180 and 200, with ∆P1/2 

values of 3.1 and 3.0 mW, respectively, while the V188K1 mutant displays a lower 

value of 2.2 mW.  Of the four constructs studied, the spin label at residue 222 was 

least affected by the addition of Cu2+, exhibiting a ∆P1/2 value of only 1.3 mW.  This 

may indicate that Q222, positioned at the end of helix 3, is further removed from the 

site of metal-driven tertiary structure, as was observed in the case of Zn2+-binding 

(Spevacek et al., 2013). 
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Figure 34. Progressive microwave power saturation. 

A) Power saturation experiment at 223K of MoPrP N180K1 with excess Zn2+ (triangles) and 
with 1 equivalent Cu2+ (circles).  Signal amplitude was recorded as the peak-to-peak 
amplitude of the first-derivative nitroxide EPR signal (inset).  Fits to the data (solid lines) 
were obtained by non-linear least squares (NNLS) fits to Equation 5 of the main text.  B) 
Powers at half saturation (P1/2) for the K1-labeled constructs, determined from fits to Equation 
5.  Differences in P1/2 (∆P1/2) are calculated as P1/2 of the Cu2+-bound protein (black bars) 
minus P1/2 for the Zn2+-bound protein (gray bars) and are shown in red. Error bars represent 
the 95% confidence intervals obtained from the NNLS regression.  Fits were performed with 
the Curve Fitting Toolbox in Matlab. 
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Table 5.  Progressive microwave power saturation 

 

 

CW amplitude reduction  

 With strong evidence of a dipolar interaction coming from power saturation 

experiments, we sought to obtain distances between the octarepeat-bound Cu2+ ion 

and the spin labeled residues in the C-terminal domain.  Based on theory by J. S. 

Leigh, Voss and co-workers developed a method for measuring distances in the ~ 8-

25 Å range between spin labeled side chains and designed Cu2+-binding sites in 

proteins (Leigh, 1970; Voss et al., 1995a; 1995b).  The method relies on standard CW 

  Adj R2 b P1/2 (mW) ∆P1/2 (mW) 

      

N180K1 
Zn2+ 0.9995 2.00 4.254 ± 0.240 

3.139 ± 0.496 
Cu2+ 0.9997 1.82 7.393 ± 0.435 

V188K1 
Zn2+ 0.9990 2.08 4.610 ± 0.400 

2.203 ± 0.667 
Cu2+ 0.9995 1.93 6.813 ± 0.534 

T200K1 
Zn2+ 0.9992 1.72 2.840 ± 0.195 

3.028 ± 0.391 
Cu2+ 0.9997 1.86 5.868 ± 0.339 

Q222K1 
Zn2+ 0.9995 1.94 5.168 ± 0.311 

1.267 ± 0.623 
Cu2+ 0.9993 1.92 6.435 ± 0.541 

      
Power saturation data for each PrP construct in excess Zn2+ or 1.0 equivalent of Cu2+ at 223K 
were fit to Equation 5 of the main text using non-linear least square regression in the Curve 
Fitting toolbox in Matlab.  Errors in P1/2 represent 95% confidence intervals from least 
squares fits.  
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EPR techniques and relates the spectral broadening, manifested as a relative 

amplitude reduction (I/I0), of the nitroxide signal upon interaction with copper in 

terms of the dipolar interaction coefficient C. 

 

Equation 7: 

R =  ���	Sℏ�  

 

Here g is the isotropic g value of the nitroxide, µ is the magnetic moment of the Cu2+ 

center, r is the inter-spin distance, and τ is taken to be the electron T1 of Cu2+.  

Experimentally, the amplitude of the nitroxide EPR signal in a spin labeled protein is 

measured with and without Cu2+ bound, yielding the normalized amplitude reduction 

I/I0.  The value of C can then be determined from I/I0 and the natural linewidth ∆H0, 

which corresponds to the width of the EPR line in the absence of dipolar interaction, 

through the empirically derived function given as Equation 8. 

 

Equation 8: TT
  =  �T T
�⁄ 
 − �T T
⁄ �U
1 + VR ∆X
⁄43 ⁄ Y�  +  V TT
YU 

 

The parameters (I/I0)0, (I/I0)∞, k1/2, and p were derived by Voss et al. from best fits of 

simulated spectra with varying values of C and ∆H0 following from the theoretical 
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framework of Leigh (Leigh, 1970; Voss et al., 1995b).  Notably, the method was 

proven to be successful under both rigid lattice (i.e. frozen solution) conditions and in 

proteins undergoing rapid isotropic motion at room temperature, thus allowing Cu2+-

nitroxide distance measurements under physiologic conditions. 

 Room temperature EPR spectra of the four K1-labeled MoPrP protein 

constructs at pH 6 are presented in Figure 35, both in the absence of metal and in the 

presence of four equivalents of Cu2+.  The spectra are consistent with spin labeled 

side chains in the fast motional regime, with correlation times in the 0.8-4 ns range, as 

has been previously reported for K1-labeled T4 lysozyme (Fleissner et al., 2009).  It 

is apparent from Figure 35 that, although the line shapes of the spectra are not 

noticeably changed, the amplitudes are visibly reduced in the presence of bound Cu2+.  

The spectra also display differential amplitude reductions depending on the location 

of the spin label in the protein.  Figure 36 illustrates these differences by means of a 

Cu2+ titration.  10 µM protein samples in pH 6 buffer with 25% glycerol were 

recorded at increasing Cu2+ concentrations up to 10 equivalents, and the peak-to-peak 

amplitudes of the center (mI=0) line were normalized to the amplitudes of the Cu2+-

free spectra, yielding I/I0. 
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Figure 35.  Copper-induced CW EPR amplitude reduction.   

Solution EPR spectra at 298K of K1-labeled MoPrP constructs at pH 6 with and without 4 
equivalents of Cu2+.  Protein concentrations are 10 µM.  Magnetic field modulation was 100 
kHz with an amplitude of 1 Gauss, and signals were averaged over 8 scans. 

  

 In each protein construct presented in Figure 36, the initial few equivalents of 

Cu2+ bound by PrP produce a steep decrease in the intensity of the EPR amplitude.  

Past two or three equivalents of Cu2+ added, the I/I0 values for each construct begin to 
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level off with increasing copper concentrations.  This observation is consistent with 

our knowledge of Cu2+ binding to PrP at pH 6.  The first equivalent of Cu2+ is taken 

up with very high affinity as component 3, and subsequent copper then binds as 

component 2, albeit with lower affinity.  Also apparent from the data in Figure 36 are 

clear differences in the relative amplitude reductions of the four PrP constructs, which 

can be ascribed to different average distances between these residues and the Cu2+-

bound octarepeat domain.  As in the progressive power saturation experiments, the 

spin label at residue 180 is most affected by the addition of copper, followed by the 

K1-label at residue 200.  However, in contrast to the power saturation data, the spin 

label at residue 188 seems to be less influenced by Cu2+ than the label at residue 222, 

though both display I/I0 values greater than 0.9 at one equivalent of Cu2+ added.   

 As we have shown, Cu2+ is bound to PrP as a 1:1 four-histidine complex at pH 

6 and one equivalent Cu2+ added.  We therefore calculated the inter-spin distances for 

each construct using Equation 7 and Equation 8 at one equivalent of copper added, 

and the results are presented in Table 6.  The average Cu2+-nitroxide distances for the 

N180K1, V188K1, T200K1, and Q222K1 PrP constructs were calculated to be 17.9, 

21.0, 18.9, and 20.5 Å, respectively.  The theoretical upper limit of this technique is 

approximately 25 Å and, as such, the existence of longer inter-spin distance 

populations cannot be ruled out.  We therefore interpret the distances determined by 

this method as lower limits. 
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Figure 36.  CW EPR copper titration at pH 6.   

Normalized intensities (I/I0) of the room temperature CW EPR spectra for MoPrP(23-230) 
H95Y,H110Y spin labeled with K1 at residues N180 (diamonds), V188 (squares), T200 
(triangles), and Q222 (circles) with increasing Cu2+ concentrations.  Each data point is the 
peak-to-peak amplitude of the center (mI = 0) line divided by the amplitude for the same 
construct in the absence of Cu2+.  Data were collected in triplicate and errors bars represent 
two standard deviations.  Due to limited sample, titration points for Q222K1 (dashed line) 
were performed in duplicate. 
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Double electron-electron resonance EPR 

 Pulsed dipolar spectroscopy and, in particular, the double electron-electron 

resonance (DEER) experiment has become a trusted technique for the measurement 

of long-range (2-8 nm) inter-electron distances in macromolecules (Jeschke, 2012).  

In proteins, DEER is most commonly applied to distance measurements between 

pairs of nitroxide spin labels introduced by site-directed spin labeling techniques.  

However, recent efforts have expanded the technique to additional types of spin 

systems such as those possessing Cu2+, Gd3+, Mo5+, and heme Fe3+ metal centers, as 

well as semiquinone radicals in flavoproteins (Astashkin et al., 2012; Ji et al., 2013; 

Kaminker et al., 2012; Swanson et al., 2009; Yang et al., 2010).  Relevant to our work 

here, DEER has been employed in the successful evaluation of Cu2+-nitroxide 

distances in synthetic porphyrin systems, model peptides, and very recently in spin-

labeled Cu2+-binding proteins (Bode et al., 2008; Merz et al., 2014; Sarver et al., 

2012; Yang et al., 2010; 2014; 2012).  DEER has several advantages over relaxation-

based methods for inter-spin distance measurements, particularly in nitroxide-

nitroxide and Cu2+-nitroxide systems.  First, the upper limit on measureable distances 

is significantly increased, with inter-nitroxide distances in excess of 100 Å achievable 

with deuterated proteins under ideal conditions (Ward et al., 2010).  Moreover, in the 

DEER experiment the entire distance distribution is obtained and not simply an 

average value.  This can often reveal multiple distances in cases of distinct 

conformational states and multimeric complexes (Altenbach et al., 2008; Endeward et 

al., 2009).  Pulsed dipolar spectroscopy does not rely on knowledge of the electron 
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relaxation times T1 and T2, and therefore errors associated with the measurement or 

estimation of these values does not enter into the distance calculation.  Finally, 

incomplete spin labeling and/or fractional metal ion occupancies do not affect the 

distances obtained through DEER as they would in relaxation-based techniques. 

 To confirm that accurate Cu2+-nitroxide distances could be measured with our 

system, we synthesized a control peptide consisting of the PrP octarepeat-derived 

sequence HGGGW, which binds one Cu2+ ion, followed by a helix-forming poly-

alanine based peptide containing a single R1-labeled side chain.  Such control 

peptides have been used extensively by Saxena and co-workers in their development 

of Cu2+-nitroxide distance methods (Jun et al., 2006; Yang et al., 2010).  DEER at 

20K in the presence of excess Cu2+ reveals a clear dipolar oscillation and a 

corresponding narrow distance distribution centered at ~26 Å, in good agreement 

with molecular models (Figure 37). 
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Figure 37.  DEER with Cu2+-binding helical peptide.   

A) Time domain 4-pulse DEER and corresponding calculated distance distribution for the 
peptide modeled in B.  DEER was recorded at 20K with a peptide concentration of 250 µM 
and 2 molar equivalents Cu2+ and the signal was averaged over 4 hours. 

 

 Next, we performed DEER on the four full-length K1-labeled PrP constructs 

at pH 6 in the presence of a single equivalent of Cu2+.  The background subtracted 
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time domain DEER traces and the calculated distance distributions are presented in 

Figure 38B and C.  The time domain data reveal dipolar modulations that are 

dampened relatively quickly, which manifest as broadened distributions in the 

distance domain.  However, the data show clearly that the Cu2+-bound octarepeat 

domain comes in close contact with the globular domain spin labels.  Indeed, the 

shortest distances measured by DEER for each construct agree remarkably well with 

distances obtained from the CW amplitude reduction method (Figure 38C, red bars).  

Again, the shortest Cu2+-nitroxide distances are seen in the N180K1 and T200K1 

constructs, with the Q222K1 and V188K1 constructs having somewhat longer and 

broader distributions.  The distribution for V188K1 in particular suggests that longer 

distances may be present in this construct.  In fact, while the most probable distance 

obtained by DEER for V188K1 is ~32 Å, the second most probable distance is 

centered at 22.5 Å and is very close to the value of 21 Å obtained by CW.  It is 

important to note that the 32 Å distance is outside of the measureable distance range 

achievable with the CW amplitude reduction technique, thus illustrating the utility of 

DEER.   

 The range of inter-spin distances observed in the DEER distributions is due, at 

least in part, to the previously observed rotational flexibility of the K1 spin label 

(Fleissner et al., 2009).  This is further evidenced by the fact that the narrowest 

distance distribution in our data corresponds to the K1 label at position 200, which 

shows characteristics of side chain immobilization in the room temperature EPR 

spectrum (Figure 35).  It is also very likely that the Cu2+-bound N-terminal domain 
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retains significant flexibility even when docked against the globular C-terminal 

domain, further expanding the distribution of inter-spin distances.  This view is 

supported by previous studies of inter-domain structure in the presence of Zn2+ using 

1H-15N HSQC NMR and nitroxide-nitroxide DEER measurements (Spevacek et al., 

2013).  Overall, the DEER results verify what was observed in fluid solution at room 

temperature, and provide evidence that longer distances may also be present, 

particularly in the V188K1 mutant.  A comparison of the distances obtained at room 

temperature and by DEER at 20K is given in Table 6. 
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Table 6.  Cu2+-nitroxide distances in MoPrP(23-230)H95Y,H110Y 

 room temp amplitude reductiona DEERb 

Label Site I/I0 ∆H0 (Gauss) rLeigh (Å) rDEER (Å) 

     

N180K1 0.783 ± 0.019 1.76 ± 0.02 17.93 ± 0.31 18.2 

V188K1 0.932 ± 0.020 1.76 ± 0.01 21.03 ± 0.60 
31.9 

22.5c 

T200K1 0.876 ± 0.015 2.20 ± 0.03 18.90 ± 0.30 18.2 

Q222K1 0.902 ± 0.011 1.62 ± 0.00 20.48 ± 0.27 20.0 

     

 

a Interspin distances were calculated using Equation 7 and Equation 8 based on the isotropic 
analysis of Voss et al. (Voss et al., 1995b).  The following constants were used: τ = T1e = 
3×10-9s, µ = 1.88βe, g = 2.00377, (I/I0)0 = 1.1, (I/I0)∞ = 0.0435, k1/2 = 0.739, p = 0.861.  Errors 
in I/I0 and ∆H0 are standard deviations obtained from triplicate measurements on independent 
sample preparations.  Errors were propagated through to <r>. 
b DEER distances reported are those with the highest probability as obtained from the 
calculated distribution. 
c Second most probable distance obtained from the DEER distribution.    
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Figure 38.  DEER EPR.   

A) Echo-detected field sweep of K1-labled MoPrP with 1 equivalent of Cu2+ at pH 6.  Arrows 
highlight the positions of the pump and observe pulses.  B) Background-subtracted DEER 
transients recorded at 20K for K1-labeled constructs with 1 equivalent of Cu2+.  C) Calculated 
distance distributions.  The most probable distances from each distribution are labeled, along 
with distances calculated from CW methods at room temperature (red bars).  Dashed lines 
correspond to the maximum reliable distance given the parameters of the experiment.  



 156

 

The Cu2+-bound  octarepeat domain interacts with a negatively charged surface of 

helices 2 and 3 

 From the EPR derived copper-nitroxide distances determined here, we sought 

to establish the location of the Cu2+ center in relation to the globular C-terminus.  

Modeling of the K1 side chain onto C-terminal residues N180, V188, T200, and 

Q222 of the published NMR structure of mouse PrP (PDB 1XYX) was accomplished 

with the in silico spin labeling program mtsslWizard (Hagelueken et al., 2012).  

Pairwise distances have previously been determined by DEER for doubly K1-labeled 

MoPrP(23-230) constructs V188K1/T200K1, T200K1/Q222K1, and 

V188K1/Q222K1 in the absence of metal ions (Spevacek et al., 2013).  We therefore 

selected modeled K1 conformations that satisfied these three experimentally 

determined distances.  Since no independent information was available for the 

N180K1 construct, the position of the electron was chosen from the average of 1,000 

allowable spin label conformations generated with mtsslWizard avoiding hard sphere 

overlap with the protein.  Figure 39A and B shows the modeled spin label 

conformations and resulting inter-nitroxide distances.  We then examined potential 

Cu2+ locations by extending radially from the nitroxide spin center with a distance 

corresponding to that derived from the Cu2+-nitroxide EPR measurements (Figure 

39C and D).  We find that the only location that is consistent with all experimental 

distance constraints is the exposed surface of helices 2 and 3, on the face opposite to 

the β-sheet and the β1-α1, α1-β2, and β2-α2 loops.  Indeed, even when the longer 
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Cu2+-nitroxide distance obtained by DEER on the V188K1 mutant is modeled, no 

additional surface sites on can reconcile all EPR-derived distances (data not shown).  

We note that the same general surface identified here was previously shown to be the 

site of inter-domain contact in Zn2+-bound PrP (Spevacek et al., 2013).  Molecular 

dynamics simulations in collaboration with Dr. Jake Pushie are currently ongoing, 

with the aim of modeling the inter-domain interaction with more precision and 

predicting the effects of pathogenic charge-altering mutations.   

 

Discussion 

 Our work and that of others now suggests that the traditional view of the N-

terminal domain of the prion protein as a non-interacting “flexible tail” may need 

revision (Spevacek et al., 2013; Thakur et al., 2011).  In the current study we find that 

the Cu2+-bound octarepeat domain (OR) comes in close contact with the globular C-

terminus.  Analysis of inter-electron distances obtained with EPR show that the site of 

Cu2+ interaction corresponds to a negatively charged pocket on the surface of helices 

2 and 3.  This site is qualitatively identical to the inter-domain interaction surface 

previously observed in Zn2+-bound PrP, suggesting a common tertiary fold between 

the two metal-bound proteins.  Preliminary molecular dynamics simulations of the 

copper-bound protein support the existence of a tertiary fold driven by electrostatic 

interactions between the Cu2+ center and specific acidic residues of helix 3.  Although 

simulations times are not yet long enough to be considered statistically robust, initial 
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structures indicate the C-terminal residues E199 and E210 may be directly involved 

in stabilizing inter-domain structure. 

 Previous identification of a copper-induced contact at helix 2 was inferred 

from NMR experiments recorded with a large excess of Cu2+ delivered as a glycine 

chelate (Thakur et al., 2011).  As discussed earlier, copper uptake by full-length PrP 

is complex, particularly with copper-to-protein ratios exceeding one.  Additionally, 

glycine is known to form ternary complexes with PrP components 1 and 2, which can 

dominate at high Cu2+ levels (Walter et al., 2006).  As such, questions remained as to 

which coordination modes were relevant to inter-domain structure.  In the current 

study, we limit Cu2+-binding strictly within the OR as multi-His (component 3) 

coordination and observe close contact between this Cu2+ ion and the globular C-

terminus.  The sub-nanomolar affinity of this binding mode suggests that the tertiary 

contact seen here is likely to be relevant in vivo (Walter et al., 2006). 

 While Cu2+-induced relaxation enhancement of spin labeled residues in the 

globular domain by progressive power saturation clearly indicate cis interaction, our 

ability to stabilize PrP copper coordination in a single high affinity mode with 1:1 

stoichiometry also permits direct distance measurements between this intrinsic Cu2+ 

center and spin labeled side chains.  When combined with inter-nitroxide distance 

measurements, these data provide low-resolution structural mapping of the interaction 

site.  We use two complementary techniques to calculate Cu2+-nitroxide distances in 

spin labeled PrPC.  Relative amplitude reduction of the CW EPR spectra at room 

temperature is sensitive to inter-electron distances from 8-25 Å and has the advantage 
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of being measured in fluid solution under near-physiological conditions (Voss et al., 

1995b).  However, this technique relies on certain assumptions regarding the spin 

lattice relaxation times of the metal ion, which may not always be appropriate (Eaton 

and Eaton, 2002).  Additionally, the r-6 dependence of this technique can bias 

measurements toward shorter calculated distances (Sarver et al., 2012).  DEER does 

not suffer from these sources of bias, and has become the gold standard for measuring 

long-range inter-electron distances in macromolecules (Jeschke, 2012).  However, the 

lower limit of DEER is ~18 Å, precluding the measurement of very short inter-

electron distances by this method.  The fact that copper-nitroxide distances 

determined here on spin labeled PrP constructs using both EPR techniques are in 

agreement further supports their validity.  The DEER results presented here confirm 

that, by in large, the Cu2+-nitroxide distances measured at room temperature for the 

chosen K1 positions are indeed representative of the true inter-electron distances.  

One exception is in the V188K1 labeled construct, for which DEER indicates that a 

longer inter-spin distance is also present.   

 Compelling biological evidence of late has begun to shed light on the 

interdependent nature of the globular and N-terminal domains of the prion protein.  

Sonati et al. have reported that certain antibody-based ligands targeting the globular 

domain (GD) of PrP cause rapid cerebellar neurotoxicity (Sonati et al., 2013).  More 

recent results from this same group indicate that the downstream neurotoxic pathways 

induced by GD ligands are similar to those observed in prion infected cultured 

cerebellar brain slices, suggesting that PrPSc and the GD ligands may have similar 
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mechanisms of neurotoxicity (Herrmann et al., 2015).  Crucially, the N-terminal 

domain of PrP is required for the observed toxicity of GD antibodies (Herrmann et al., 

2015; Sonati et al., 2013).  Deletion of the N-terminal octarepeats, or neutralization 

with OR-specific antibodies, abolishes the neurotoxic effects of these ligands.  The 

authors propose that the C-terminal domain of PrP acts as a regulator of the N-

terminal tail, which is the effector domain.  The toxic ligands are therefore believed to 

somehow disrupt this regulatory ability of the globular C-terminal domain, resulting 

in deleterious interactions of the N-terminal domain and subsequent gain-of-function 

neurotoxicity.  This idea is supported by observations that transgenic mice expressing 

a GPI-anchored PrP construct lacking the entire globular domain show 

neurodegeneration similar that that seen with toxic GD ligands, although this mutant 

PrP does not seem to be properly exported to the cell surface (Dametto et al., 2015). 

Such misregulation of the N-terminal domain has also been suggested as an 

explanation for the observed neurodegeneration and neonatal lethality of mice 

expressing central domain deletions of the prion protein (Biasini et al., 2012; Li et al., 

2007; McDonald and Millhauser, 2014; Shmerling et al., 1998).        
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Figure 39. Model of interaction site.   

A and B) Modeled conformations of K1 labeled side chains and corresponding inter-electron 
distances.  K1 conformers were generated in silico and chosen to agree with nitroxide-
nitroxide distances from Spevacek et al.,with the exception of N180K1, which was chosen to 
represent the average electron position as modeled by mtsslWizard.  C and D) Copper-
nitroxide distances, modeled as spheres, for the PrP constructs N180K1 (yellow), V188K1 
(blue), T200K1 (red), and Q222K1 (cyan), superimposed on the surface representation of 
MoPrP.  Electrostatic surface potentials were calculated with the Adaptive Poisson Boltzmann 
Solver (APBS) plugin in PyMOL.  Panels C and D are in roughly the same orientation as A 
and B, respectively. 
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 The crystal structure of PrP (121-230) in complex with the toxic POM1 

miniantibody shows no major distortions of the PrP globular domain structure (Sonati 

et al., 2013).  This finding raises the possibility that the toxic ligands act by disrupting 

a higher order tertiary structure in the full-length protein, thus leaving the N-terminal 

domain free to participate in aberrant or uncontrolled interactions with membrane 

components and/or receptors such as AMPA, NMDA, and mGluR (McDonald and 

Millhauser, 2014).  While this conjecture remains to be tested, it is possible that the 

long-range tertiary structure reported here in the presence of copper, and observed 

previously with Zn2+, is required for PrPC self-regulation.  By this model, 

destabilization of inter-domain tertiary structure leads to impaired regulation of the 

N-terminal domain and higher susceptibility to toxicity and/or disease.  This 

hypothesis is supported by observations that transgenic mouse models of the E200K 

mutation, which is the most common cause of familial CJD in humans, show 

spontaneous prion disease that is exacerbated by administration of copper (Canello et 

al., 2012).  We have shown previously that several disease-associated mutants, 

including E200K, weaken inter-domain structure induced by Zn2+ binding, and 

preliminary MD simulations in the present study predict a similar destabilization of 

the Cu2+-driven tertiary fold (Spevacek et al., 2013).  It therefore seems plausible that 

a disruption in metal-mediated cis interaction is a contributing factor in these familial 

prion diseases. 
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    The N-terminal/C-terminal interaction we observe here might also play a key 

role in the normal function of PrPC.  In addition to spontaneous development of 

disease, mice harboring the E200K transgene display cerebellar degeneration when 

challenged with dietary Cu2+, whereas wild-type mice do not (Canello et al., 2012).  

This suggests that inter-domain structure may help protect neurons from Cu2+-

induced oxidative stress.  Moreover, disease-associated PrP mutants D177N and 

P101L (mouse sequence), which show attenuated Zn2+-driven cis-interaction by 

NMR, also abolish PrP-mediated neuronal Zn2+ uptake through AMPA receptors 

(Spevacek et al., 2013; Watt et al., 2012).  Together, these results suggest that metal-

driven tertiary structure may be an essential element in several types of physiological 

interactions of PrP in vivo.  It will be interesting to see if the Cu2+-mediated 

regulation of NMDAR desensitization by PrPC is preserved in mutants shown to 

weaken inter-domain structure, such as E200K, D178N, and P102L (Spevacek et al., 

2013; Stys et al., 2012).        

 In summary, we have provided molecular details, in the form of distance 

measurements between C-terminal amino acids and intrinsically bound octarepeat 

Cu2+, that confirm a long-range tertiary contact in copper-bound recombinant PrPC.  

The inter-domain structure is stabilized by electrostatics, and localizes to a negatively 

charged patch defined by acidic residues of helices 2 and 3.  As has been previously 

noted, the majority of pathogenic familial mutations occur on helices 2 and 3, and 

often involve amino acid substitutions that reduce overall negative charge on this 

surface (Shen and Ji, 2011).  In addition to providing insight into a potential 
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mechanism of genetic prion disease, the inter-domain structure described here may 

have profound implications for PrPC self-regulation and interaction with cell surface 

binding partners, including toxic β-amyloid oligomers and PrPSc.   
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 The molecular mechanisms that lead to human neurodegeneration are some of 

the least understood processes in all of biology.  Much of this ignorance stems from 

the fact that proteins involved in central nervous system function are often natively 

unstructured and are prone to form non-crystalline, disease-associated aggregates, 

making biophysical characterization difficult.  The cellular prion protein is a prime 

example of these difficulties, with a long, intrinsically disordered N-terminal domain 

in the cellular isoform (PrPC), and an amorphous and aggregated structure in the 

infectious isoform (PrPSc).  With the goal of studying the effects of metal-ion binding 

on the global structure of PrPC, we developed a strategy employing the site-specific 

incorporation of the unnatural amino acid p-acetyl phenylalanine into the primary 

sequence of recombinant PrP.  In combination with traditional cysteine-based 

labeling techniques, the chemically orthogonal functional group of pAcPhe was used 

to generate spin- and fluorescently labeled PrP constructs for the study of inter-

domain structure with EPR spectroscopy and FRET (Brustad et al., 2008; Fleissner et 

al., 2009). 

 PrPC coordinates Cu2+ and Zn2+ in its flexible N-terminal domain (Walter et 

al., 2007).  We have demonstrated that both copper and zinc are capable of mediating 

a long-range tertiary contact in recombinant PrP in which the metal-bound octarepeat 

domain comes into close contact with a negatively charged surface defined by helices 

2 and 3 of the globular C-terminus.  For the Zn2+-bound protein, NMR experiments 

show an apparent decrease in the stability of this cis interaction in recombinant 

proteins harboring the disease-associated mutations D177N, E199K, and P101L 
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(mouse numbering).  Consideration of the electrostatic charge distribution at the 

proposed site of tertiary interaction leads to the hypothesis that diminished negative 

charge in the D177N and E199K mutations results in a weakened inter-domain 

contact (Figure 40), and that this may be a contributing factor in prion disease. 

  PrPC is increasingly being recognized as a promiscuous mediator of cell 

surface and transmembrane processes.  PrP regulates glutamate the ionotropic AMPA 

and NMDA receptors, the G-protein coupled receptor mGluR5, and the excitatory 

amino acid transporter 3 (EAAT3), among others (Guitart et al., 2015; Um et al., 

2013; Watt et al., 2012; You et al., 2012).  Indeed, the regulation of several of these 

receptors is dependent on the flexible N-terminal domain of PrP.  This is particularly 

interesting in light of recent reports demonstrating the toxicity of certain antibodies 

that bind to the globular domain of PrPC (Herrmann et al., 2015; Sonati et al., 2013).  

The toxicity of these ligands can be ameliorated either by deletion of the N-terminal 

octarepeat domain, or by co-incubation with antibodies targeting the octarepeats, 

suggesting that normal regulation of the N-terminal domain is lost with the toxic 

ligands.  One possibility, outlined in Figure 40, is that the inter-domain structure we 

observe in the presence of Cu2+ and Zn2+ is intimately tied to the regulation of the N-

terminal domain in its normal interactions with cell surface receptors.  By this model, 

toxic C-terminal ligands, perhaps including PrPSc, bind to PrP and prevent inter-

domain structure, leading to uncontrolled interactions with receptors and/or 

membrane components.  By the same measure, the truncation of the linker segment of 

PrP in the toxic central domain deletion (∆CR) might eliminate either the peptide 
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length or conformational entropy required for N- to C-terminal interaction, thereby 

leading to dysregulation of the flexible domain.  Equally as interesting, and perhaps 

more relevant to human health, is the hypothesis put forth here that toxic oligomers of 

the amyloid-β peptide, which bind PrPC at the cell surface and activate Fyn kinase by 

way of the mGluR5 receptor, may also disrupt inter-domain PrP structure (Laurén et 

al., 2009; Um et al., 2013).  The study of inter-domain structure in PrPC may therefore 

have implications that reach beyond the classical prion diseases.  Clearly, these 

hypotheses warrant further investigation.     

 

Figure 40.  Functional implications of inter-domain structure in PrPC 

Hypothesized regulation of the N-terminal tail of PrPC by the C-terminal domain, mediated by 
a metal-driven tertiary contact.  Disruption (familial mutants), or wholesale elimination (∆CR, 
POM1 binding) of inter-domain structure could result in altered regulation and subsequent 
neurotoxicity, perhaps through over-stimulation of cell surface receptors and ion channels.  
Toxic Aβ oligomers may have a similar effect, resulting aberrant activation of Fyn kinase 
through interactions with mGluR5 (Um et al., 2013). 
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