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ABSTRACT 

 

The Influence of Metal Ions on the Tertiary Structure of the Prion Protein and 

Inherited Prion Disease 

 

Ann R. Spevacek 

 

 The prion protein (PrP) is the causative agent for a class of fatal 

neurodegenerative diseases known as transmissible spongiform 

encephalopathies (TSEs).  This highly conserved mammalian protein consists 

of two domains – a flexible N-terminus, which is implicated in PrP’s biological 

function; and a structured C-terminus that misfolds to create the infectious 

agent.  Decades of research have determined that PrP binds copper and zinc 

and therefore contributes to metal ion homeostasis.  The role of these metal 

ions in TSE progression, however, is still unclear.  To clarify whether Cu2+ has 

a direct influence on the misfolding of PrP’s structured domain, we assess the 

affinity of the C-terminal histidines for copper.  Our results show that this 

metal ion does not bind to PrP’s C-terminus with a physiologically relevant 

affinity.  This work also challenges the notion that PrP’s two domains are 

physically independent.  We identify here a novel Zn2+-driven inter-domain 

interaction in PrP.   The docking site of the Zn2+-bound N-terminus is localized 

to a region of the C-terminus that contains the majority of the inherited 



 ix 

mutations that give rise to familial prion disease.  We therefore investigated 

the affect of these mutations, as well as a mutation protective against prion 

disease, on the inter-domain interaction.  We find that the pathogenic 

mutations exhibit a weakened inter-domain interaction, whereas the 

protective mutant has a strengthen interaction as compared to wild type PrP.  

These results provide the first evidence of a change in the tertiary structure of 

PrP that correlates with the familial prion disease mutations.  Furthermore, 

these results provide new structural insight into PrP’s biological processing 

and function. 
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Introduction 
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History of Prion Disease 

 The fatal ovine disease, scrapie, was first documented in 17501, 

although sheep throughout Europe had arguably been afflicted long before.  

First, shepherds would notice one of the sheep fall behind from the herd.  

Next it would develop itchy skin and seek out posts or trees to rub against.  

After one to six months, the sheep would have scratched off the majority of its 

fleece and eventually succumb to the disease. 

 The original documentation of scrapie postulated that it was an 

infectious disease, however, until the beginning of the 20th century, many 

people believed that the disease was sexually transmitted2.  In 1936, Cuillé 

and Chelle successfully showed that the scrapie agent was transmissible in 

both sheep and goats3-6.  They determined that the incubation period was 

long, on the order of years, as compared to most infectious diseases, which 

afflict their victims in a matter of weeks to months.  Then in 1946, Gordon 

accidentally determined that the responsible scrapie agent is found in the 

brain, spinal cord, and/or the spleen of a sick animal7.  In an effort to 

immunize against looping-ill virus, Gordon inoculated sheep with the disease 

and used a solution of their homogenized brain, spinal cord, and spleens to 

vaccinate 44,000 healthy sheep.  The treatment proved to prevent looping-ill 

virus, however two years post-vaccination, some of the animals started to 

show signs of scrapie.   
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 Meanwhile, on the other side of the world, Australians and Europeans 

were busy colonizing what is now considered Papua New Guinea.  In the 

1930s, while exploring the island’s mountain highlands, the Westerners 

discovered a large native tribe, some of whom participated in cannibalism.  

Specifically the 14,000 members of the Fore tribe dined on their deceased 

relatives.  The men ate the best pieces of meat, while the women and 

children were left with the entrails, which included brain.  

In 1955, the physician Vincent Zigas was sent to the Highlands of New 

Guinea to treat venereal disease.  During his time there, he discovered that 

several of the Fore suffered from a disease known locally as kuru, which they 

attributed to sorcery8.  The victims of this disease, mostly women and children, 

had initial symptoms of a headache and pain in the limbs, followed by loss of 

muscle control.  The infected would lose the ability to both swallow and speak, 

and their muscles would involuntarily spasm.  No longer able to eat or drink, 

they would waste away. Children would last 3 to 12 months, whereas women 

usually succumbed to death in 12 to 18 months.  The cause of death would 

be due to secondary infections, as bedsores and gangrene would often ensue 

after the victims lost muscle control.  The media referred to kuru as the 

“laughing death” because the muscle spasms caused the victims to appear to 

chuckle.  Zigas tried a variety of drugs to treat the disease, but was not 

successful.  Then in March 1957, unsure of what to do next, Zigas received a 

visitor, a young physician from New York named D. Carleton Gajdusek.   
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With Gajdusek’s help, Zigas began to collect and prepare samples of 

kuru brains for microscope viewing.  They would fix the samples in formalin 

and send them to the neuropathologist Igor Klatzo at the National Institutes of 

Health in the US.  Klatzo observed that the tissue of the cerebellum, the 

region of the brain that controls motor function, was full of vacuoles, sponge-

like holes, and amyloid plaques9.  He remembered seeing such pathology 

before, in a condition known as Creutzfeldt-Jakob disease (CJD) that had 

been coined by the German psychiatrist and neurologist Walther Spielmeyer 

in 1922. 

In the summer of 1959, Klatzo’s photomicrographs were on display in 

London when the American veterinarian William J. Hadlow happened to see 

them.  Hadlow was sent by the United States Department of Agriculture to 

study scrapie in the United Kingdom.  The U.S. had had several cases of 

scrapie in the late 1940s and early 1950s and therefore wanted to mitigate 

any outbreaks by learning further about the disease.  Hadlow instantly 

recognized the vacuole-filled, sponge-like brain specimens in Klatzo’s 

photomicrographs as the same features that riddled scrapie-infected sheep 

brains10.  He wondered whether kuru was transmissible like scrapie, so he 

contacted Gajdusek to inquire whether they were conducting experiments that 

included infecting primates with kuru brain. 

In 1963 the first chimp was injected with brain matter from a kuru 

patient11.  After two years, the chimp began to lose control of motor function, 
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a sign of the disease.  Four months after the initial symptoms, the animal was 

anesthetized and her brain revealed the same pathology that afflicted the 

original kuru patient.  Gajdusek also used primates to test several other 

diseases for transmissibility – amyotrophic lateral sclerosis (ALS), multiple 

sclerosis, Alzheimer’s, Parkinson’s, Pick’s – but the only other disease that 

was successfully transmitted was CJD12.  Kuru and CJD caused the same 

spongy holes to appear in the brain of those it afflicted, and therefore they 

were termed transmissible spongiform encephalopathies (TSEs) (Figure 1).   

 

Figure 1. Human brain slices showing TSE neuropathologies13.  A. Sporadic, or naturally 
occurring, CJD is characterized by extensive vacuolization of the neutropil in the gray matter.  
B. Specimen of sporadic CJD that has been immunostained to show the extent of reactive 
gliosis. 
 

Gajdusek won the Nobel Prize in Physiology or Medicine in 1976 for 

“discoveries concerning new mechanisms for the origin and dissemination of 

infectious diseases14.” Since his discovery of TSE in humans, many other 

species have joined the list as capable of developing this fatal 

neurodegenerative disease: sheep, mink, cervids (deer and elk), felines, and 

perhaps the most infamous – bovines. 
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In the early 1980s, veterinarians around the United Kingdom started to 

treat cattle that had lost weight and become aggressive towards other cows.  

After sacrificing one sick animal and analyzing its brain and spinal cord, it 

became clear that a spongiform encephalopathy was the cause15,16.  As more 

and more “mad” cows began to appear on British dairy farms, the Ministry of 

Agriculture, Fisheries, and Food (MAFF) decided that it was necessary to 

determine the source of the disease.  They noticed that all of the affected 

cows were fed the same dietary supplement as youngsters – meat and bone 

meal.  Starting in the 1970s, slaughterhouses began to render waste, such as 

the bladder, diaphragm, udder, head, hooves, and bones, the waste of both 

sheep and cattle, as well as cows unfit for human consumption, into tallow 

(fat) and greaves (protein).  Initially organic solvents were used to separate 

the protein from the fat, but due to economic constraints, this method was 

substituted with one that resulted in a higher fat content17.  Farmers would 

buy the greaves in the form of meat and bone meal to supplement their 

livestock’s diet.  This protein source was most likely contaminated with either 

scrapie-infected sheep brain, or a naturally occurring form of bovine 

spongiform encephalopathy (BSE) infected cow brain.  Just as in the case of 

kuru, the more concentrated pathogenic brain material readily transmitted the 

disease to other cattle.  The long incubation period of TSEs (mean of five 

years) accounts for why only the dairy cattle were observed to contract the 

disease; beef cattle are usually slaughtered at the age of two, and therefore 
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would appear healthy at their time of death18.  What remained unknown was 

whether the beef cattle could transmit BSE to humans. 

Between 1994 and 1995, 10 cases of CJD were reported in the U.K., 

with six of them with a mortality age of less than 30 years old19.  Examination 

of the brains of these patients revealed spongiform change, typical of CJD.  

However, the neuropathology also included a large number of amyloid 

plaques, similar to that are observed in kuru brains, which suggested that this 

disease was distinct20,21.  Typically, CJD victims were over the age of 65.  The 

correlation between the outbreaks of mad cow disease, the mean incubation 

time of TSEs, and the reported increase in CJD in young people led scientists 

to believe that BSE was in fact transmissible to humans.  In addition to 

sporadic CJD, which occurs naturally in the population at a rate of 

approximately 1 in 1 million, people now could also contract TSE from 

contaminated beef, which giving rise to variant CJD.   

In the early 1970s, Gajdusek, Joe Gibbs, and Paul Brown began to 

wonder whether TSEs could be transmitted via surgical tools22.  Traditionally, 

hospitals use a combination of high temperature and pressure to sterilize 

surgical tools, which efficiently kills bacteria, viruses, and fungi.  The 

infectious scrapie particles, however, proved to be resistant to such treatment.  

In 1976, two young epilepsy patients contracted CJD after undergoing 

diagnostic neurosurgery23.  The neurosurgeon had previously used electrodes 

on the brain of an elderly woman suffering from CJD.  These same electrodes 
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were then used to diagnose the young epilepsy patients, who developed CJD 

16 and 20 months after their treatment.  To prove that the current sterilization 

methods were ineffective against preventing the transmission of CJD, Gibbs 

implanted the same electrodes into chimpanzees and waited to see whether 

they would contract the disease24.  Sure enough, they developed spongiform 

encephalopathies, termed iatrogenic CJD, which proved the necessity for 

developing a new method for sterilizing surgical tools.   

 The Austrian physician Josef Gerstmann discovered another type of 

CJD in a young patient, only 24 years old.  In 1928 he observed that she not 

only was losing muscular control, but also became moody25; she died 6 years 

after the initial symptoms.  Seven other members of the woman’s family 

succumbed to the same disease.  All eight bodies were autopsied to reveal 

brains riddled with neural degeneration and what was described as “holes”26. 

This family suffered from what is now referred to as Gerstmann-Straüssler-

Scheinker (GSS) syndrome.  GSS was the first example of a class of CJD 

referred to as familial, or genetic CJD, which also includes fatal familial 

insomnia (FFI).  Later, the inheritance of these illnesses was confirmed by 

identification of mutations in the gene encoding the causative agent of TSEs. 

Around the same time that Gajdusek was testing the transmissibility of 

kuru, researchers at a wildlife facility in Colorado reported the first case of 

TSE in deer. Williams and Young observed deer that showed symptoms of 

progressive weight loss and depression, which would last from two weeks to 
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eight months27.  The brains of the infected deer showed spongiform change, 

consistent with that described in sheep, goats, and humans.  They termed 

this new spongiform encephalopathy chronic wasting disease (CWD).  By 

1982, the same group reported that elk had contracted this disease at the 

wildlife facility28.  CWD now affects free-ranging deer and elk across the 

United States in a region localized around Colorado and Wyoming, but 

spreads west to Utah, east to New York and West Virginia, as far south as 

New Mexico, and to the northern border with Canada (Alberta and 

Saskatchewan) (Figure 2).   

 

Figure 2. Distribution of chronic wasting disease in North America.  Data taken from 
USGS and National Wildlife Health Center Madison Wisconsin. 
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The distribution of diseased cervids in this region is not continuous, however, 

and jumps between states.  Decomposing cervid carcasses, saliva, feces, 

and urine may contribute to the horizontal transmission of CWD among deer.  

The persistence of these contaminants in the environment has led to an 

outbreak of this prion disease of epidemic proportions.  Humans, luckily, have 

not yet been shown to be susceptible to CWD.  However, all of the above 

factors necessitate further research to determine a potential route for 

controlling a CWD outbreak. 

 Despite the fact that TSEs had been characterized in several species 

of animals, no one knew the exact nature of the transmissible agent.  Many of 

the early researchers believed that the disease was caused by a slow virus.  

However, Gajdusek knew that it must be smaller than conventional viruses 

because it was able to pass through a 0.45-micron sterilization filter, which 

would eliminate bacteria.  In 1967 Griffith proposed three ways in which a 

protein could replicate to cause disease, however, he lacked experimental 

evidence to support them29.  Nearly two decades later, Stanley Prusiner wrote 

a seminal article in Science in which he coined the term “prion,” which stood 

for small proteinaceous infectious particles30.  Prusiner hypothesized that 

these prions consisted mostly of protein, referred to as the “protein-only 

hypothesis,” because of: its resistance to methods that destroy nucleic acids; 

its resistance to heat inactivation; and its small size.  By purifying the prions 

from scrapie-infected hamster brains, Prusiner and coworkers determined 
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that the protein termed PrP (for Prion Protein) was the main constituent31.  

Treatment of the prions with proteinase K would digest them to leave a 27-30 

kDa fragment, which supported the notion that the transmissible agent was 

indeed a protein32,33.  Prusiner et al also purified prion rods, consisting of PrP 

oligomers, which showed green birefringence upon staining with the dye 

Congo red, confirming that they were amyloid34.   

To further show that the prions were composed of protein, Prusiner 

and coworkers set out to determine the amino acid sequence.  Using Edman 

degradation, they sequenced the N-terminal amino acids of the scrapie 

particle35.  With this information in hand, the same group discovered that PrP 

is encoded in the DNA of both the scrapie-infected and healthy brains of 

hamsters, humans, and mice35.  Unlike the scrapie form of PrP, designated 

PrPSc, the cellular form of the protein, PrPC, was completely digested by 

proteinase K, which suggested that there was a conformational difference 

between these two species.  By the late 1980s, Prusiner and coworkers 

proved that PrPSc not only copurified with the infectious agent, but that 

infectivity was proportional to the amount of PrPSc present36. For all of 

Prusiner’s contributions to the discovery of a new type of infectious disease, 

he was awarded the Nobel Prize in Physiology or Medicine in 1997. 
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Prion Biology 

PrP is encoded in the PRNP gene, located on chromosome 20 in 

humans.  It is produced in tissues throughout the body, but is most abundant 

in the central nervous system and specifically at the presynaptic 

membrane37,38. PrP is expressed as a 254 amino acid protein, in which the 

first 22 amino acids are removed after they signal to translocate the nascent 

protein to the endoplasmic reticulum.  Here, the C-terminal 23 amino acids 

are cleaved after the addition of a glycophosphatidylinositol (GPI) anchor to 

yield a 209 amino acid protein, PrP(23-231).  The protein then makes its way 

to the cell surface via the Golgi apparatus, and along the way is also 

decorated with two N-linked glycans at positions Asn181 and Asn197.  A 

disulfide bond links Cys179 and Cys214 and helps to maintain PrP’s tertiary 

structure.  On the cell surface, PrP is tethered to the cell membrane by its GPI 

anchor, where it is bathed in the extracellular milieu.  Furthermore, the GPI 

anchor targets PrP to a specific microdomain on the cell surface known as 

lipid rafts39,40.  Structural nuclear magnetic resonance (NMR) studies on 

various recombinant PrP species reveal that its N-terminus is unstructured41, 

whereas its C-terminus is predominately α-helical with one small, anti-parallel 

β-sheet42-45 (Figure 3).  The unstructured N-terminal domain contains four 

repeats of PHGGGWGQ, which are referred to as the octarepeats. 
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Figure 3. Schematic of the prion protein with human sequence numbering.  The flexible 
N-terminus contains the octarepeat domain.  The structured C-terminal domain contains 
three α-helices (boxes) and two β-strands (arrows).  The gray circles denote the N-linked 
glycosylations.  Finally, the extreme C-terminus is decorated with a GPI anchor, which 
attaches the protein to the cell surface. 
 

In contrast to PrPC, the scrapie form of PrP contains ~40% β-sheet and 

30% α-helix as measured by Fourier-transform infrared spectroscopy46.  The 

structure of PrPSc has been difficult to solve by conventional methods 

because it is insoluble and disordered.  Using a combination of electron 

crystallography and computational modeling, the current model of PrPSc was 

determined to contain trimeric, left-handed β-helices47 (Figure 4).   

 

Figure 4. Molecular model of the left-handed β-helix of PrP. A. Model of the PrP 27-30 
monomer, depicting the α-helical C-terminus as determined by NMR spectroscopy (PDB ID: 
1QM0).  B. Trimeric model of PrP 27-30 built based on the crystal structure of 
Methanosarcina thermophilia (PDB ID: 1THJ).  Adapted from Govaerts et al47. 
 



 14 

More recent X-ray diffraction studies of infectious prion fibers (PrP 27-30) 

support this β-helix model48.  In this same study, Wille et al found that the 

diffraction patterns from recombinant Syrian hamster amyloid were 

significantly different than brain-derived prions from the same species48.  The 

recombinant amyloids were also less infectious than the brain-derived prions, 

which indicated that determining the structure of the infectious unit would help 

to elucidate the determining factors for infectivity. 

The unique structures of PrPSc may help to explain the observed 

strains in prion disease. Various naturally occurring prions have been isolated 

and shown to induce unique incubation times and symptoms of disease, 

giving rise to prion strains49,50.  Furthermore, the type of infectious material 

exposed to a healthy animal will determine the nature of prions it develops.  

For example, transgenic mice expressing mouse PrPC inoculated with 

hamster prions developed hamster prions and disease symptoms specific to 

that species51.  The same transgenic mice, when inoculated with mouse 

prions, developed mouse prions and symptoms characteristic of murine prion 

disease51.  These data suggest that the sequence and specific conformation 

of the infectious material dictate disease progression.  The extent of 

glycosylation of PrPSc also contributes to determining a prion strain.  Both 

PrPC and PrPSc exist as unglycosylated, monoglycosylated, and 

diglycosylated species.  The ratio of these species correlates with the type of 

prion disease – types 1-3 are observed in iatrogenic and sporadic CJD, 
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whereas type 4 is found in BSE and variant CJD52,53.  As mentioned 

previously, humans are resistant to CWD, although this same disease easily 

spreads between the cervids white tailed deer and elk.  This phenomenon is 

referred to as the species barrier54, and may arise from different prion strains. 

The protein-only hypothesis, i.e., that prion disease is caused by 

protein, is supported by a number of studies that confirm prion disease is 

caused by protein. PrPC is necessary for prion disease; transgenic null PrP 

mice are resistant to prion disease and do not propagate the infectious unit55.  

The level of PrPC expression is inversely related the incubation time for prion 

disease51. More recently, an in vitro method of prion replication termed protein 

misfolding cyclic amplification (PMCA) has aided in supporting the protein-

only hypothesis.  PMCA is a cell-free method in which purified PrPC is mixed 

with a small amount of PrPSc, sonicated, and then allowed to incubate such 

that the PrPC is incorporated into the growing chain of PrPSc 56.  This method 

readily replicates in vitro prions, but more recently was able to produce 

synthetic prions (made from recombinant PrP expressed in Escherichia coli) 

that were then infectious to wild-type hamsters after several passages57. 

 

Models for Prion Replication 

Understanding how prions replicate is essential to the development of 

therapeutics for this disease. The current model of prion replication posits that 

the introduction of PrPSc oligomers acts as a nucleation site for endogenous 
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PrPC to bind, thus seeding the misfolding event, which results in a longer 

PrPSc oligomer58 (Figure 5).  

 

Figure 5. Scheme of prion propagation.  Endogenous PrPC either misfolds to create PrPSc 
spontaneously, or is converted to the pathogenic form by another PrPSc molecule.  This 
misfolded protein then recruits other PrPC, which leads to an accumulation of PrPSc 59.   
 
Eventually the growing polymer must be disrupted in order to create new 

seeds to propagate PrPSc formation; however, the exact mechanism of how 

this occurs in vivo remains unknown.  Moreover, prion replication may require 

cellular cofactors, whose functions may include facilitating the fragmentation 

of growing PrPSc oligomers, or stabilizing nascent PrPSc molecules.   Prusiner 

and coworkers first suggested that prion replication requires a cofactor they 

termed “protein X” in a study on chimeric PrP in transgenic mice60.  

Subsequent studies implicated other cellular components, such as RNA, 
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lipids, or simply negatively charged molecules58.  Recently, Abid et al used 

purified PrPC and PrPSc in a PMCA reaction and complemented it with various 

cellular components from different species61.  They concluded that the prion 

conversion factor exists in lipid rafts that are found in the cytoplasmic 

membrane.  Moreover, while this component, which is found in the majority of 

organs from mammals, facilitated the PMCA reaction, the same cellular 

fraction from lower organisms (yeast, bacteria, and flies) did not have the 

same effect.  The group also tested specific classes of molecules, such as 

synthetic RNA, fatty acids, and proteins, and found that the PMCA reaction 

was robust61.  These data suggest that further studies of the molecular 

components of the lipid rafts of mammalian cells will help elucidate the 

identity of “protein X.” 

Elucidating the physiological function of PrPC may also contribute to 

understanding prion disease progression.  Neurodegeneration could either be 

caused by protein gain-of-function when converted to PrPSc, or in contrast, 

loss of PrPC normal function.  A recent study by Sandberg et al delineated the 

kinetics of prion infectivity and neurodegeneration62.  Using transgenic mice 

with varying levels of PrP expression (null, 50% wild-type, wild-type, and 

eight-fold wild-type), the group showed that after scrapie infection the prion 

titer exponentially increased until it reached a plateau phase, which persisted 

until clinical symptoms manifested.  Interestingly, the amount of PrPSc 

produced in the first phase of prion infectivity did not depend on PrPC 
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expression levels, as all of the transgenic mice plateaued at the same prion 

titer.  Conversely, the incubation time until clinical symptoms occurred was 

inversely proportional to PrPC expression levels, suggesting that the rate of 

neurodegeneration is dependent upon PrPC concentration62.  These results 

suggest that PrPSc is not toxic, but instead, that an alternative PrP oligomer, 

which may be templated by PrPSc is responsible for neurodegeneration.  In 

another study, prion-infected mice with signs of spongiform change were able 

to survive longer and stave off disease progression upon depletion of their 

endogenous neuronal PrPC 63.  Finally, studies have shown that PrPC must be 

anchored to the cell surface for efficient disease progression64,65.  These 

findings suggest that diversion of membrane-bound PrPC from its normal 

function is the main contributor to neurodegeneration in prion disease, thus 

motivating the study of the normal function of PrPC. 

By the 1990s, the protein-only hypothesis was found to be applicable 

to life forms lower than mammals. Wickner determined that yeast used a 

prion-like mechanism to confer genetic traits66.  He showed that not only did 

conference of [URE3] and [PSI+] genetic determinants depend on Ure2 and 

Sup35 expression, respectively, but that overexpression of these proteins 

resulted in a higher frequency of trait passage66.  These genetic traits could 

also be cured by treatment with guanidine chloride, which further supported a 

protein-based mechanism of inheritance54,66,67.  Interestingly, development of 

[URE3] or [PSI+] results in the loss of function of the normal conformers of 
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Ure2 or Sup35.  In the case of [URE3], the presence of the prion form of Ure2 

modifies the cell’s ability to take up nitrogen68.  Sup35 is a translation 

termination factor, and therefore conversion to [PSI+] results in an increase in 

read-through of stop codons, known as nonsense suppression69.  Both of 

these yeast prions are formed from aggregates of their respective proteins 

that bound to the dye Congo red, indicating that they are indeed composed of 

amyloid70.  Finally, both synthetic and natural yeast prions are transmissible 

to healthy yeast cells and result in transference of the respective 

determinant71-73.  Yeast prions also form different strains, although they are 

referred to as variants, which result in different conferred phenotypes74.  

Yeast prions may be an example of how biology evolved to utilize protein 

aggregates to confer advantageous traits to offspring.  However, most of the 

currently identified yeast prions have not been isolated in wild, non-laboratory 

yeast.  Studying yeast prions may lend insight into mammalian prions, 

although it is clear that in the microorganisms, the prions represent a new 

type of epigenetic phenomenon. 

Despite the fact that PrP is conserved in all mammal and avian species, 

its normal physiological function is unknown.  Early experiments in PrP-

knockout mice revealed no abnormalities up to seven months of age75, which 

suggests that the protein has a function that is redundant in the cell.  PrP 

binds copper and zinc in vivo, and therefore may contribute to metal ion 

homeostasis in the brain76.   Numerous other functions have been attributed 
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to PrP including roles in signal transduction77, protection against oxidative 

stress78, control of circadian rhythms79, and neuronal plasticity and 

adhesion80,81.  Recently, PrP has been evolutionarily linked to the ZIP family 

of metal ion transporters, which further supports its role as a metal binding 

protein82.  

The abundance of PrP in the presynaptic cleft of neurons suggests that 

it may participate in neuronal communication within the central nervous 

system (CNS).  Interestingly, copper is released into the synaptic space 

during exocytosis and neuron depolarization at levels up to 250µM83,84.  Zinc 

is the most abundant transition metal in the brain85, with concentrations of 

~500µM in the gray matter, the region of the brain that contains neuronal cell 

bodies.  These metals bind to PrP and induce its endocytosis86,87, suggesting 

that PrP may help in their clearance from the extracellular space.   Copper is 

a redox-active metal that must be tightly regulated; therefore, PrP may act as 

a neuroprotectant by sopping up labile copper to prevent the formation of 

deleterious reactive oxygen species (ROS).  Copper also upregulates PrP 

expression88,89, which supports the protein’s role in copper ion homeostasis.    

There is conflicting evidence in the literature about the role of metals in 

prion disease.  For example, PrP is reported to undergo copper-mediated 

beta-cleavage to produce two fragments of the protein referred to as N2 and 

C290.  The C-terminal fragment, C2, is found in increased levels in CJD 

affected brains91.  In addition, copper chelation therapy delays the onset of 



 21 

symptoms in scrapie-infected mice92, suggesting that copper contributes to 

the progression of prion disease.  In contrast, another study found that copper 

delayed the progression of prion disease in scrapie-infected hamsters93.  

Finally, Cu2+ and Zn2+ inhibit in vitro fibril formation of recombinant PrP94 and 

suppress hamster brain-derived PrPSc amplification95.  Further research is 

necessary to determine the role of metals in prion diseases. However, it is 

clear that investigating metal binding to PrPC is imperative, as understanding 

this function might uncover what goes awry in the disease state. 

Elucidating the physiological role of PrPC may also help to understand 

the pathogenesis of Alzheimer’s disease. Similar to prion disease, 

Alzheimer’s disease is characterized by the accumulation of insoluble plaques 

of the peptide amyloid-beta (Aβ)96.  Lauren et al recently used expression 

cloning to show that PrPC binds toxic Aβ oligomers with nanomolar affinity, 

suggesting that physiological PrP may mediate the progression of Alzheimer’s 

neurodegeneration97,98.   The Aβ oligomer binding site was determined to be 

residues 95-105 via PrP deletion mutants and antibody blocking 

experiments97.  This region lies just C-terminal of the metal binding octarepeat 

domain.  A second study confirmed this binding site, and also identified a 

second site at residues 23-27, PrP’s highly basic N-terminus, by site-directed 

spin labeling and surface plasmon resonance99.  These studies highlight the 

importance of determining the global structure of metal-bound PrP, as it might 

affect how the Aβ oligomers bind to the N-terminus of the protein. 
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Structural Determinants of Metal Binding to PrP  

PrP’s proposed biological function is linked to its flexible N-terminus, 

which comprises the metal binding domain of the protein.  The N-terminal 

octarepeat domain, (PHGGGWGQ)4, accommodates between one to four 

Cu2+ ions depending on the concentration of copper available100-102.  Using 

electron paramagnetic resonance (EPR), our laboratory determined that at 

low copper concentrations, at least four histidines from the octarepeats 

coordinate a single Cu2+ ion, which is referred to as component 3102 (Figure 6).  

As the amount of copper increases, each repeating segment of HGGGW will 

coordinate a Cu2+ ion, confirmed by both EPR and an X-ray crystal 

structure100, loading a total of four ions into this domain of the protein.  This 

coordination mode is referred to as component 1 (Figure 6).  Our laboratory 

has shown that the octarepeats take up Cu2+ with negative cooperativity, as 

component 3 has a Kd of 0.1nM, whereas component 1 binds with Cu2+ with a 

Kd of 10µM103.   
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Figure 6. Features of copper binding to the octarepeat domain104.  A.  Molecular model of 
component 3 in which three histidines from the octarepeat domain coordinate a single Cu2+.  
B. As local concentrations of copper increase, each octarepeat coordinates a single Cu2+, 
known as component 1.  C. Crystal structure of Cu2+ bound to HGGGW (coordinates taken 
from http://millhauser.chemistry.ucsc.edu/). 
 
Cu2+ also binds to two histidines, histidines 96 and 111 (human numbering)105, 

C-terminal to the octarepeat region, with Kds comparable to that of 

component 3.  Therefore the fully loaded PrP can accommodate up to 6 Cu2+ 

ions (Figure 7).  Unlike copper, PrP binds zinc in only one coordination mode 

(Figure 7), which involves all four octarepeat histidines, with a dissociation 

constant of approximately 200µM106.  Recent work by the Millhauser 

laboratory showed that PrP simultaneously binds Cu2+ and Zn2+, although as 
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the concentration of copper increases, Zn2+ is displaced from the octarepeat 

domain106. 

 

Figure 7. Molecular models of metal-bound PrP.  A.  Model of the fully loaded Cu2+(blue)-
bound PrP.  α-helices are depicted in red/yellow and the β-strand is cyan.  B.  PrP binds Zn2+ 
(red) in only one coordination mode, requiring all four histidines from the octarepeat domain.   
 

Specific Aims 

Metal binding to the N-terminus of PrP is well characterized, however 

several studies suggest that copper may also bind to the structured C-

terminal domain.  EPR studies of the full-length protein suggest that copper 

may bind to the structured C-terminal domain of PrP107,108, but it is not clear 

whether these binding sites are physiologically relevant.  Amino acid side 

chains must rearrange to facilitate copper coordination; thus it is tempting to 

speculate that Cu2+ binding to the C-terminal domain of PrP may lead to a 

structural change on the pathway to PrPSc formation.  Therefore, the first 
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specific aim of this dissertation is to investigate whether the histidines in the 

structured domain of PrP bind copper with an appreciable affinity. 

PrP is traditionally viewed as two separate domains – a structured C-

terminus with an N-terminal tail.  However, in light of recent investigations, 

this view of PrP must be reconsidered, as there is evidence that these two 

domains physically interact109,110.  Recent studies in our laboratory found that 

the Kd for copper varies slightly between the full-length protein and peptides 

encompassing the N-terminal domain (unpublished data), suggesting that the 

C-terminal domain may affect metal binding to the N-terminal tail.  Therefore 

the second specific aim of this dissertation is to probe the global structure of 

metal-bound PrP.  This metal-driven inter-domain interaction may affect the 

disease state of PrP, which is addressed in the third specific aim of this 

dissertation. 

 

In summary, the specific aims of this dissertation are: 

1. To elucidate whether the structured C-terminal domain of 

PrP contributes to copper binding with a physiologically 

relevant affinity. 

2. To probe the tertiary structure of PrP upon metal binding. 

3. To understand the connection between inherited pathogenic 

mutations and the global structure of metal-bound PrP. 
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CHAPTER 2 

Copper Binding to the Structured C-terminal Domain of PrP 

(Selected figures reprinted with permission from Bentham Science 

Publishers) 
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Introduction 

 The prion protein (PrP) is the causative agent of the class of fatal 

neurodegenerative diseases known as transmissible spongiform 

encephalopathies (TSEs), which include Creutzfeldt-Jakob disease in 

humans, mad cow disease, chronic wasting disease in deer and elk, and 

scrapie in sheep and goats.  In these diseases, the endogenous form of the 

protein, PrPC, misfolds to create the infectious PrPSc, which then recruits 

additional PrPC to form deposits of aggregated PrPSc in the brains of affected 

individuals.  PrPC consists of two domains – a primarily α-helical C-terminal 

domain, and a flexible N-terminal tail that is implicated in its normal function.  

 Despite the fact that the PRNP gene is conserved in all mammal and 

avian species, the physiological role of PrP remains unclear.  PrP is 

expressed in tissues throughout the body, but is most abundant in the brain 

and specifically the synaptic space.  PrP’s glycophosphatidylinositol (GPI) 

anchor tethers it to the cell surface, exposing the protein to the flux of copper 

ions that are released into the synaptic cleft during neuronal depolarization.  

In 1997, Brown et al showed that the N-terminal octarepeat domain of PrP 

binds copper in vivo1, suggesting a potential function as a metalloprotein.  

Since this hallmark study, PrP’s copper binding ability has been implicated in 

its function in neuroprotection2, copper sensing3, copper buffering4, signal 

transduction5, and copper transport6-10.  This mounting body of evidence 

clearly implies that PrP participates in copper ion homeostasis in the brain. 
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 Two regions of PrP’s flexible N-terminal domain contribute to metal 

binding – the octarepeat domain (ORD) and the non-octarepeat sites.  The 

octarepeat domain, consisting of four repeating sequences of PHGGGWGQ, 

coordinates between one and four copper ions, depending on the amount of 

Cu2+ available9,11,12.  At low copper concentrations, the four histidines within 

the ORD coordinate a single Cu2+, referred to as component 313.  As the local 

copper concentration increases, each octarepeat histidine will coordinate a 

single Cu2+, known as component 113.  Work from our laboratory showed that 

the octarepeats take up copper with negative cooperativity14, with component 

3 having a sub-nanomolar affinity for copper, and the high occupancy 

component 1 coordinating Cu2+ with micromolar affinity.  Several groups have 

shown that copper also binds to His96 and His111, on the C-terminal side of 

the octarepeat domain15-19 (Figure 1). 

 

Figure 1. A schematic diagram of the prion protein showing the conservation of the 
metal binding domains amongst several species.  The secondary structure of the C-
terminal domain is indicated by arrows (β-strand) and squares (α-helix).  In addition, the 
locations of the three C-terminal histidine residues are highlighted. 

To resolve the discrepancy between these studies, our laboratory recently 

employed electron paramagnetic resonance (EPR) competition experiments 
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to measure the affinity of these non-octarepeat sites for copper20.  Stevens 

found that His96 and His111 bind copper with the same affinity, but 

interestingly the Kd differs depending on whether the peptide PrP(90-115) or 

the protein PrP(90-231) was used20.  Repeating the EPR competition 

experiments with PrP(90-115) at pH 8.2, the Kds of His96 and His111 were 

determined to be 0.08 nM, which is approximately equal to the 0.13 nM 

dissociation constant measured for PrP(90-231)20.  Therefore the non-

octarepeat sites bind copper with an affinity comparable to that of component 

3. 

The fully copper-loaded PrP is predicted to bind 6 equivalents of Cu2+ 

– four copper ions in the octarepeat domain, and two Cu2+ in the non-

octarepeat sites.  However, full-length PrP is reported to take up between 5.3 

to 12 equivalents of Cu2+ 12,21, suggesting the existence of additional non-

octarepeat binding sites.  Further motivation for investigating copper’s affinity 

for C-terminal PrP comes from the fact that PrP’s structural homolog Doppel, 

which lacks an octarepeat domain, binds copper22.  Cereghetti et al reported 

EPR spectra showing that the structured C-terminal domain of mouse PrP 

binds 4 equivalents of copper at pH 4.021.  They proposed that metal ion 

coordination occurs at one of the three C-terminal histidines: His140, His177, 

and His187 (Figure 2).   
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Figure 2. Location of the three C-terminal histidines in the 3D structure of PrP (PDB ID: 
1XYX).  The model is rotated 180 degrees to show both sides of the protein. 

However, because these studies were not performed at pH 7.4, these 

coordination modes may not be physiologically relevant.  In another study 

using electrospray ionization mass spectrometry, UV-Vis, EPR, and circular 

dichroism, a peptide encompassing the fragment of helix 2 that contains 

His187 was determined to bind Cu2+ 23.    

 As prion diseases are both spontaneous and transmitted, the question 

arises, what triggers the protein to misfold?  The transformation of PrPC to 

PrPSc results in a change in secondary structure from predominately α-helical 

to mostly β-sheet, which gives rise to an infectious core consisting of residues 

90-231.  Copper binding to His140, His177, or His187 could result in the 

destabilization of the structured C-terminal domain, as local residues would 

need to rearrange to accommodate the coordination sphere.  However, the 
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role of copper in prion disease is not clear.  For example, both excess 

copper24 and copper chelation therapies25 resulted in delayed onset of prion 

disease in hamsters and mice respectively.  Therefore, deciphering the 

physiological relevance of C-terminal copper binding in PrP may lend insight 

into the role of metals in prion disease and the protein’s normal function. 

 In an effort to determine whether copper binding to the structured 

domain of PrP is physiologically relevant, we employed electron 

paramagnetic resonance (EPR) spectroscopy to characterize constructs of 

Syrian Hamster PrP (SHaPrP) at pH 7.4.  We generated a series of single 

mutants – SHaPrP(23-231, H140Y), SHaPrP(23-231, H177Y), and 

SHaPrP(23-231, H187Y) – to assess the contribution of copper binding of 

each individual C-terminal histidine.  The triple mutant SHaPrP(23-231, 

H140Y, H177Y, H187Y) was also characterized to determine the overall 

contribution of C-terminal histidines to PrP’s copper uptake.  In addition to the 

C-terminal histidines, His96 and His111 were also mutated to tyrosine in 

these proteins to simplify the EPR spectra.  Our results suggest that the 

structured domain of PrP does not significantly bind copper at pH 7.4. 

 

Materials and Methods 

Site-Directed Mutagenesis 

All of the SHaPrP mutants were made with the GeneArt Site-Directed 

Mutagenesis Kit (Invitrogen) using pET101 SHaPrP(23-231, H96Y, H111Y) 



41 

as the template.  The mutations were verified by DNA sequencing prior to 

using the constructs in protein expression. 

 

Protein Expression and Purification 

 Protein expression was performed in E.coli BL21Star (DE3) cells 

(Invitrogen) using either isopropyl-1-thio-D-galactopyranidose (IPTG) 

induction or lactose-based auto-induction.  In the case of IPTG induction, 1L 

cultures were grown to an OD600 of 0.6, and then expression was induced 

with 1 mM IPTG for four hours.  The auto-induction 1L cultures were grown 

for ~20 hours prior to pelleting the cells.  The proteins were purified from 

isolated inclusion bodies by solubilizing in 8M urea, pH 8.0, and then 

subsequently loading the resulting solution onto a nickel charged immobilized 

metal affinity chromatography column (IMAC).  The Ni-column was then 

treated with 8M urea, pH 4.5 to elute the protein.  The constructs were folded 

by first raising the pH back to 8, followed by desalting with a G-25 Sephadex 

column (HiPrep, Amersham) with 50 mM sodium acetate buffer, pH 5.5 as the 

eluent.  The proteins were further purified using reverse phase high 

performance liquid chromatography (RP-HPLC) with water/acetonitrile mobile 

phases and a C4 semi-preparative column.  Fractions containing the protein 

were verified by electrospray ionization (ESI) mass spectrometry and then 

pooled together and lyophilized.  The fold of the protein was confirmed using 

circular dichroism, in 10 mM sodium acetate, pH 5.5.  Finally the 
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concentrations of protein for use in EPR spectroscopy were determined in 6M 

guanidine HCl, pH 8, using a molar extinction coefficient calculated from this 

source: http://www.scripps.edu/~cdputnam/protcalc.html. 

 

Electron Paramagnetic Resonance (EPR) Spectroscopy 

 EPR spectra were collected with a Bruker EMX X-band spectrometer 

equipped with a constant flow cryostat.  The EPR samples were made in 50 

mM MOPS (free acid), 25% glycerol and brought to pH 7.4 with KOH at a 

total volume of 300µL.  The samples were transferred to 4 mm OD quartz 

tubes and flash frozen in liquid nitrogen.  The protein concentrations varied 

from 25-50 µM.  The EPR spectra were recorded at 125 K.  The field was 

swept 1200 G in 183 seconds with a time constant of 655 ms, and modulated 

at 100 kHz with an amplitude of 5 G. 

 

Results 

The C-terminal Histidines Do Not Independently Bind Copper in PrP 

 To determine whether a specific C-terminal histidine coordinates 

copper, we made three constructs in which we systematically mutated each 

C-terminal histidine to a tyrosine: SHaPrP H96Y H111Y H140Y, SHaPrP 

H96Y H111Y H177Y, and SHaPrP H96Y H111Y H187Y.  Tyrosine was 

chosen as a surrogate amino acid because it retains both the approximate 

size and aromaticity of histidine.  We then performed a copper titration 
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experiment, adding 4, 6, 8, and 12 equivalents of Cu2+ to each protein.  The 

EPR spectra were recorded and integrated to determine the total 

concentration of bound Cu2+.  The resulting EPR spectra at 8 equivalents of 

copper are shown in Figure 3, for each of the constructs tested. 

 

Figure 3.  EPR spectra of PrP variants upon the addition of 8 equivalents of Cu2+.  The 
inset table describes the total amount of copper bound for each construct.  The total amount 
of copper bound when six equivalents of Cu2+ is reported in the inset table. 
 
These spectra are nearly identical, indicating that the copper coordination 

environment in each of the C-terminal mutants is similar to that of SHaPrP 

H96Y H111Y.  Furthermore, integration of the spectra at 8 equivalents of Cu2+ 

added reveals that the total amount of copper bound to each protein varies by 

less than 10%.  There is a discrepancy of approximately one equivalent 

bound between 6 and 8 equivalents of Cu2+ added.  This additional copper 

ion is most likely coordinated by the extreme N-terminus of PrP, which has a 
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Kd on the order of component 3 (~10µM) (unpublished data).  These data 

suggest that neither His140, His177, nor His187 contribute to copper binding 

in the full-length prion protein at pH 7.4. 

 

Cu2+ Binding to the Structured Domain of PrP is Not Physiologically 

Relevant 

 To further investigate the role of PrP’s structured domain in copper 

binding, the mutant SHaPrP H96Y H111Y H140Y H177Y H187Y was made, 

which contains no C-terminal histidines.  This mutant was titrated with 4, 6, 8 

and 12 equivalents of copper and the corresponding EPR spectra were 

recorded. Figure 4 shows a comparison between the double mutant SHaPrP 

and the penta-mutant SHaPrP upon the addition of 8 equivalents of copper, 

with the titration point showcasing the most obvious difference in spectra.   

 
Figure 4. EPR spectra of PrP variants upon the addition of 8 equivalents of Cu2+.  The 
inset table describes the total amount of copper bound for each construct at both 6 and 8 
equivalents of copper added. 
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Upon the addition of 6 equivalents of copper, the difference in the total 

amount of metal ion bound between the double- and penta-mutant is 0.3 

equivalents, which is not significant.  However, integration of the EPR spectra 

reveals that there is a discrepancy of 1.4 equivalents of copper bound to 

SHaPrP H96Y H111Y as compared to the penta-mutant when 8 equivalents 

of Cu2+ are added. The observed decrease in total copper bound between 6 

and 8 equivalents of Cu2+ added for the penta-mutant is most likely due to 

slight differences in protein concentrations in these samples.  These results 

suggest that the three C-terminal histidines bind copper.  However, the 

individual C-terminal histidine mutants showed no difference in their total 

copper uptake.  Therefore His140, His177, and His187 must all weakly bind 

Cu2+. 8 equivalents of copper correspond to a concentration of 240 µM, which 

is the upper limit of reported synaptic copper concentration (between 3 µM 

and 250 µM26,27).  Therefore the affinity of SHaPrP’s three C-terminal 

histidines for Cu2+ is not physiologically relevant. 

 

Discussion 

 Several lines of evidence suggest that the structured C-terminal 

domain of PrP binds Cu2+.  Using ESI mass spectrometry, Kramer et al found 

that when 7.5-fold excess copper was added to murine PrP(121-231), 1 

equivalent of copper bound28.  Cereghetti et al examined three mutants of C-
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terminal PrP, H140S, H177S, and H187S via EPR to determine the 

contribution of these histidines to copper binding29.  Due to aggregation 

problems, they were only able to investigate up to 4 equivalents of Cu2+ 

added to H140S, and 1 equivalent of copper added to H187S.  They 

concluded that H187 most likely contributes to C-terminal copper 

complexation.  Interestingly, the mutation of this His to Arg gives rise to 

familial prion disease30, which suggests a connection between metal binding 

and prion disease.  In contrast, our results indicate that none of the C-terminal 

histidines alone contribute to copper binding in PrP, but rather they all can 

nonspecifically coordinate Cu2+.  Furthermore, this binding is not 

physiologically relevant, as it only occurs in extremely at excess copper 

concentrations.   

 Although the role of copper in prion disease is not clear, our results 

suggest that Cu2+ does not directly promote the restructuring of PrP’s C-

terminal domain.  Even at 8 equivalents of copper, all of the constructs used 

in this study remained in solution.  Therefore it is unlikely that nonspecific 

copper binding to the C-terminus of PrP causes a structural change that 

would lead to the formation of PrPSc aggregates.  Because copper binding to 

the C-terminus of PrP is not physiologically relevant, the influence of copper 

on prion disease must be restricted to its interaction with the flexible N-

terminus of the protein.  Further investigation into the global structure of PrP 
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upon metal binding may reveal insights into both the protein’s normal 

biological function and disease. 
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Introduction 

The transmissible spongiform encephalopathies (TSEs), or prion 

diseases, arise from misfolding of the cellular prion protein (PrPC) to its b-

sheet rich scrapie form (PrPSc)1,2.  Among the TSEs are mad cow disease 

and, in humans, Creutzfeldt-Jakob disease (CJD)3.  Mature human PrPC is a 

209 amino acid, membrane-anchored glycoprotein, possessing two domains: 

a flexible N-terminal segment (up to residue 124)4, that selectively binds 

copper and zinc, and a predominantly helical C-terminal domain.  Metal ion 

regulation is one of several functions ascribed to PrPC in its role in neuron 

development and maintenance5,6. 

The prion protein’s two domains are often thought to be non-interacting 

– a structured C-terminus with an N-terminal tail.  This scheme cannot be 

correct in light of current cellular and biophysical observations.  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 C-terminal mAbs access and result in partial C-

terminal unfolding7. In addition, fibroblasts expressing mouse PrPC with the C-

terminal E199K mutation (E200K in human), that causes familial CJD, when 

compared to wild type, exhibit reduced N-terminal copper uptake and are 

more susceptible to copper toxicity8. Two separate studies show that 

elimination of a linker segment between the N- and C-terminal domains in 
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transgenic mice results in an embryonic lethal phenotype9,10.  The 

developmental derangements in these experiments were interpreted as a 

consequence of altered PrPC binding to an unidentified partner protein; 

however, it is also possible that elimination of the linker disrupts higher order 

PrPC structure.  In structural investigations, nuclear magnetic resonance 

(NMR) shows that the N-terminal domain increases helix order in the C-

terminal domain11.  EXAFS work finds that a distal mutation Q212P alters 

copper coordination geometry at an N-terminal site localized at His11112.  

Finally, addition of copper drives association between the N-terminal domain 

and helix 2 of the C-terminus, possibly leading to a compact structure that 

facilitates PrPSc formation13. 

The PrPC N-terminal domain binds both copper and zinc in vivo and 

participates in metal ion homeostasis14. Cu2+ and Zn2+ induce PrP 

endocytosis15,16, upregulate PrP expression17,18, inhibit in vitro fibril 

formation19 and suppress PrPSc amplification20. Mutations in the copper 

transport protein Atp7a, which leads to reduced brain copper content, slows 

prion disease progression after PrPSc inoculation21.  Moreover, copper, zinc 

and iron distribution in the mouse brain depends on PrP expression levels22. 

PrP is evolutionarily linked to the ZIP metal ion transport family, further 

supporting its role as a metal binding protein23. The way in which Cu2+ and 

Zn2+ coordinate to N-terminal PrP are distinct.  Cu2+ interacts with the 

octarepeat domain, residues 60 – 91 with the sequence (PHGGGWGQ)4
24,25, 
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and also segments at His96 and His111 (human sequence; Figure 1A)26. The 

specific coordination features depend on the Cu2+-to-protein ratio5,27. In 

contrast, Zn2+ binding is restricted to the octarepeat domain, in which all four 

histidines coordinate a single Zn2+ ion28, as shown in Figure 1B.  The 

dissociation constant of this coordination mode is approximately 200 µM28. 

 

 

Figure 1. Sequence and Structure of Human PrPC.  A. Schematic diagram of PrP (human 
sequence) with numbering indicating secondary structure, post-translational modifications, 
and pathogenic/protective mutations.  The N-terminus, which contains the octarepeat 
domain, is unstructured in the absence of Zn2+.  The structured C-terminal domain possesses 
two N-linked carbohydrates (ovals), a disulfide bond, and a GPI anchor.  The inherited 
pathogenic mutations that involve amino acid substitutions resulting in a change of charge 
are indicated in red.  The protective inherited mutation is in blue.  B. Zn2+ binds to the 
histidines within the octarepeat domain, as shown in the preliminary three-dimensional 
model. 
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Here we use magnetic resonance to evaluate how metal-ions affect the 

structure of full-length mouse PrP (MoPrP(23-230)). We use Zn2+ because it 

is a natural coordinating species that stimulates well-characterized, PrP-

linked physiological processes14-16. Moreover, Zn2+ is diamagnetic thus 

facilitating the interpretation of the NMR spectra.  Using 1H-15N HSQC NMR, 

we find that Zn2+ drives a well-defined tertiary contact between the octarepeat 

domain and a specific surface on the C-terminal domain.  These findings are 

supported by direct distance measurements using double electron-electron 

resonance (DEER) EPR.  Analysis of the cumulative data shows that the 

relevant C-terminal surface participating in this interaction carries the majority 

of the PrP mutations that give rise to familial prion disease.  We then 

examined several disease-associated PrP mutants, as well as a dominant 

negative mutation, and found 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 direct surface potential calculations.  This work identifies a 

previously unseen higher order structure in PrPC, and provides new insight 

into the protein’s function as well as its conversion to PrPSc. 

 

Materials and Methods 
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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-1 15N-ammonium chloride.  Cells were grown at 37°C 

until they reached an OD600 of 0.6, at which time they were transferred to the 

M9 minimal media. 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 over a Ni2+-charged 

immobilized metal affinity column (IMAC) on an AKTA purifier system (GE 

Healthcare).  MoPrP(91-230) was purified from inclusion bodies prior to being 

run 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 

(GdHCl) by UV-vis spectrophotometry prior to use in the NMR experiments. 

 

Spin Labeled PrP Sample Preparation 
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 Expression of mutant PrP for dual spin labeling was achieved by a 

method similar to that described by Fleissner et al29.  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 

incorporation30.  The growth medium 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) was 

added and allowed to react for 6 – 12 hrs at room temperature.  The reaction 

mixture was again purified by HPLC and lyophilized.  The dried protein was 

dissolved in 10 mM sodium acetate buffer at pH 4 to a concentration of 

approximately 100 µM.  A 10-fold molar excess of the hydroxylamine spin 

label HO-4120, synthesized in-house using published procedures29,31,32, was 

added and the reaction was incubated at 37oC for 24 – 28 hrs before a final 

round of HPLC purification. 

 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 in D2O.  Double spin-labeled samples were loaded into 
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4 mm (o.d.) quartz EPR tubes (Wilmad 707-SQ) and flash frozen in liquid 

nitrogen prior to spectral analysis. 

 

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 were used.  Either 50µM or 150µM ZnCl2 was added to the 

protein samples (final concentration of 50µM). 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 NMR Pipe and Sparky. Structural analysis 

was done with UCSF Chimera. 

 

Double Electron-Electron Resonance (DEER) Spectroscopy 

 Four-pulse DEER data were 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 were collected out to 2.5 – 3.5 µs.  
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Experiments were run at 50 or 80 K, depending on the sample, and were 

signal averaged for 6 – 8 hrs.  The raw data were background corrected and 

analyzed by Tikhonov regularization using the DeerAnalysis 2011 software 

package33. 

 

Electrostatic Calculations 

The electrostatic calculations were performed on MoPrP(121-230) 

(PDB ID: 1XYX) with the Adaptive Poisson-Boltzmann Solver (APBS) plug-in 

in PyMol34.  The mutations in the pathogenic mutants were introduced with 

the swapaa command in Chimera (starting PDB ID: 1XYX), prior to 

calculating the surface electrostatics with APBS. 

 

Molecular Dynamics Simulations 

The molecular dynamics simulation package GROMACS35,36 was used 

to create a molecular model of the inter-domain interaction using the OPLS-

AA/L force field37,38 and SPC water model39,40.  Dr M. Jake Pushie generously 

donated the starting structure with Zn2+ bound.  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 

derived from the magnetic resonance experiments.  After the protein structure 
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stabilized, molecular dynamics simulation was run for 400 picoseconds to 

produce the final model. 

 

Results 

Zinc Drives an N-terminal – C-terminal Interaction in MoPrPC 

To test whether the N- and C- termini of MoPrP physically interact 

upon Zn2+ binding, 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 (Figure 2).  
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Figure 2.  1H-15N HSQC NMR spectra of wild type MoPrP. The black spectrum is from the 
protein in the absence of Zn2+.  The red spectrum is from addition of three equivalents of 
ZnCl2 and shows chemical shift changes, and loss or broadening of select cross peaks.  B. 
Zoom in of the box indicated in A. 

 
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 derived from PrP-Zn2+ relative to the protein alone were assigned to 
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one of three categories: no change, change in chemical shift, or complete 

disappearance (Table 1).  

 

Table 1.  List of 1H-15N HSQC cross-peaks affected upon the addition of three 
equivalents of ZnCl2.  The weighted average chemical shift change (Δ) was calculated using 
the equation Δ = [ΔδHN

2 + (0.17 ΔδN
2)]1/2 where ΔδHN and ΔδN are the ZnCl2 induced 

differences in amide proton and nitrogen chemical shifts respectively.  Only the significantly 
shifted cross-peaks (Δ≥0.033) are listed. 
 
The addition of three equivalents of zinc resulted in disappearance of 21 of 

the 101 assigned backbone amides in the C-terminal domain, and significant 

shifts of five cross peaks. Loss of these cross peaks is consistent with a 
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chemical environment in intermediate exchange. Residues affected by the 

addition of Zn2+ are mapped onto the secondary structure in Figure 3.  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.  Amino acids marking the boundaries of these regions are 

indicated. Figure 3B, a surface plot, shows that these residues form two 

proximal and nearly contiguous patches located primarily on helices 2 and 3. 

 

Figure 3. Zn2+ affects specific C-terminal residues.  A.  Ribbon diagrams showing residues 
that correspond to the disappeared (black) and significantly shifted (dark gray) peaks in the 
wild type MoPrP.  B. The corresponding surface diagram for the full-length, wild type MoPrP. 
C. The C-terminal construct MoPrP(91-230), lacking the Zn2+ binding N-terminal octarepeat 
domain. 

   
The observed influence of added Zn2+ can arise from either its direct 

interaction with the C-terminal domain, or by it binding first to the N-terminal 
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octarepeat domain, which then associates 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.  The result is shown in Figure 3C. In 

contrast to full-length PrPC, only three resonances disappeared, while all 

others remained unaffected. Consequently, the octarepeat domain is required 

for the observed influence of Zn2+ on the HSQC cross peaks in the C-terminal 

domain. Specifically, Zn2+ coordinates to the octarepeat histidines, partially 

ordering this domain, which then folds onto the C-terminal domain forming a 

tertiary contact with the surface formed by 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 PrP C-terminal domain.   

To explore the strength of the N-terminal – C-terminal interaction, the 

two domains were added in trans, along with Zn2+.  Specifically, samples were 

prepared with 15N MoPrP(91-230) and increasing concentrations of PrP(23-

28,56-90) (50 to 500 mM) and  Zn2+ (150 mM to 2.0 mM).  HSQC experiments 

failed to identify significantly shifted or broadened peaks in the C-terminal 

domain.  We conclude, therefore, that the linker region between the N- and C-

termini of MoPrP is essential for limiting PrP’s conformational freedom, 

thereby facilitating the metal-driven inter-domain interaction. 
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DEER EPR Demonstrates a Zn2+-Dependent Conformational Change  

 Although the HSQC experiments clearly demonstrate an interaction 

between PrP’s two domains, they do not provide detail on whether this 

ordered state is in equilibrium with extended conformations.  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 nitroxide site-directed spin labeling (SDSL), is 

capable of accurately measuring macromolecular distances in the range of 

20Å to 80Å and has been successfully applied in the determination of ligand-

induced conformational changes in proteins41,42.  

 Doubly spin-labeled MoPrP constructs were generated using two 

different site-directed spin labeling techniques. In the N-terminal domain, we 

used the traditional method of incorporating a Cys at the desired label 

position, followed by a reaction with the MTSSL reagent to give the R1 spin-

labeled side chain. Labeling in the C-terminal domain is more challenging 

given the essential disulfide bond between helices 2 and 3. To avoid non-

native disulfides that might arise from a third Cys residue, we used genetic 

methods to incorporate the unnatural amino acid p-acetyl phenylalanine, 

followed by a reaction with a hydroxylamine nitroxide reagent to produce the 

ketoxime-linked K1 side chain29. Detailed reactions are given in Figure 4A.  
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To test whether DEER with the K1 label would report meaningful distances, 

we produced three doubly K1-labeled PrP constructs with both labels in the 

structured C-terminal domain.  As shown in Figure 4C, DEER measurements 

agree to the anticipated distances to within 5Å. 

 

Figure 4.  Inter-nitroxide distances in the structured C-terminal domain of MoPrP by 
DEER.  A. Chemical reaction at the genetically encoded unnatural amino acid p-actyl 
phenylalanine to produce the K1 spin label.  B. Background-corrected dipolar evolution 
spectra.  C. Distance distributions obtained by Tikonov regularization for three doubly-labeled 
constructs:  V188K1,Q222K1(blue); V188K1,T200K1 (red); and T200K1,Q222K1 (green).  
Expected distances are 43.8 Å, 38.8 Å, and 38.6 Å, respectively. 
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 We developed three R1/K1 doubly labeled PrPC constructs, and 

performed DEER measurements with and without Zn2+ (Figure 5).  The first 

contained the R1 side chain at position 66, within the octarepeat domain, and 

K1 at position 200, which is a surface site in the N-terminal region of helix 3.  

The HSQC experiments suggest a Zn2+-driven interaction between these two 

regions (Figure 3).  In the absence of Zn2+, the 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, as shown in Figure 5B.  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 5.  Zn2+-mediated inter-domain interaction measured by DEER.  A. Schematic 
representation of MoPrP showing the location of spin-labeled side chains in relation to known 
secondary structures.  B. Background-corrected dipolar evolution spectra and distance 
distributions obtained by Tikonov regularization for the three doubly-labeled constructs in the 
absence of Zn2+ (blue) and in the presence of 2mM ZnCl2 (red).  C. Dipolar evolution spectra 
and distance distributions for MoPrP Q66R1/T200K1 with 0, 100, and 500µM ZnCl2.  Protein 
concentrations were between 80 and 100 µM. 
 
 The next construct, PrP(S102R1/T200K1), has the R1 label 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 28Å, but less so than observed for PrP(Q66R1/T200K1).  This result 

suggests that the linker retains partial conformational heterogeneity.  Finally, 
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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+ where the octarepeat domain 

docks specifically against the surface of PrPC’s C-terminal domain identified 

by the NMR experiments. 

 The strongly interacting PrP(Q66R1/T200K1) was further examined 

with a Zn2+ titration experiment, as shown in Figure 5C.  The distribution 

derived from the DEER experiment sharpens between 100 µM and 500 µM 

Zn2+, consistent with the Zn2+ dissociation constant of 200 µM.  

 

Pathogenic Mutants Alter the Inter-domain Tertiary Contact 

 We noticed that the region that forms the C-terminal docking surface 

for the Zn2+-occupied octarepeats (Figure 3) also carries the majority of the 

PrP point mutations that confer inherited disease43 (Figure 1A). To test 

whether familial mutations alter the Zn2+-driven tertiary structure, we repeated 

our HSQC titration experiments with MoPrP(E199K) and MoPrP(D177N), 

which correspond to the human mutations E200K and D178N, respectively. 

The results, shown in Figure 6A and B, reveal a significant decrease, relative 

to wild type, in the number of affected C-terminal residues.  Specifically, 

MoPrP(E199K) shows a decrease in the size of the affected patches on both 
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helices 2 and 3, with 13 of 99 assigned peaks broadened to the point of being 

unobservable. With MoPrP(D177N), much of the interaction with helix 2, as 

observed in the wild type protein, is lost, with 17 of 94 total C-terminal peaks 

unobservable due to broadening.  

 

Figure 6.  C-Terminal mutations that affect the course of prion disease show different 
interaction patterns from wild type.  Surface diagrams showing the disappeared (black) 
and significantly shifted (dark gray) peaks in the pathogenic mutants (A-D), and the dominant 
negative mutant (E). 
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We also examined MoPrP(P101L), which corresponds to the P102L 

mutation in humans that causes Gerstmann-Straussler-Scheinker disease 

(GSS)43. This mutation, which is in the linker between the octarepeat and C-

terminal domains, results in loss of 26 of 97 peaks due to broadening (Figure 

6C).  However, whereas most of the affected residues are in helices 2 and 3, 

consistent with wild type, we also observed broadening or disappearance of 

peaks from residues on the opposite side of the C-terminal domain, 

suggesting interaction with the antiparallel β-sheet.  

We also investigated MoPrP(V209I), which corresponds to the human 

V210I mutation that results in CJD2. The introduction of bulkier hydrophobic 

isoleucine residue to helix 3 caused 15 of 89 assigned peaks to broaden to 

the point of disappearing.  The patch of affected residues on the surface of 

helices 2 and 3 in this mutant was more compact as compared to the wild 

type protein (Figure 6D). 

Finally, we performed experiments on MoPrP(Q218K), which is the 

dominant negative Q219K mutation in humans. As demonstrated in statistical 

analyses of Asian populations, individuals with this mutation resist the 

development of sporadic CJD44. Our results show that the patches of 

interaction on helices 2 and 3 are largely preserved, although several peaks 

that were completely broadened in wild type are now visible and only partially 

broadened (Figure 6E).  
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The results above suggest that pathogenic mutations lead to a 

systematic weakening of the Zn2+-driven association between PrPC’s N- and 

C-terminal domains. To test this hypothesis in a more thorough and 

quantitative fashion, we determined the peak intensities of all observable 

HSQC cross peaks for wild type and mutant proteins. Peak heights decrease 

with an increase in line width and therefore serve as a convenient metric for 

residues affected by association with the Zn2+-occupied N-terminal domain45. 

We determined I/Io for all assigned residues in the C-terminal helices, where I 

and Io are the peak intensities in the presence and absence of Zn2+, 

respectively. The results are shown in Figure 7.  
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Figure 7.  Normalized peak intensities show different patterns for disease mutants, 
relative to wild type and the dominant negative.  A. Cross peak intensity profiles for 
helices 1, 2 and 3 are compared for all proteins in this study.  Asterisks mark unassigned 
peaks and the dashed lines represent the average I/Io values.  B. A plot of the average I/Io for 
each helix comparing wild type and protective mutant (black squares) with pathogenic 
mutants (gray circles).  Residues in helix 2 exhibit lower I/Io (greater broadening) for wild type 
and dominant negative compared to familial mutants. 
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MoPrP(91-230), lacking the N-terminal domain, shows only a minimal effect, 

as expected. Approximately half of the residues in helices 1 and 3 are near 

I/Io ≈ 1. Helix 2 shows some systematic broadening near residues 178 to 180. 

Full-length MoPrP, however, shows a dramatic decrease in I/Io along all 

helical segments, with the greatest effect at helix 2. In addition to residues 

broadened to zero and thus unobservable (I/Io = 0, Figure 3B), a significant 

number of residues are reduced to < 0.25 of their original intensity. The 

greatest influence is observed at helix 2. 

Each disease-associated mutant MoPrPC gives a unique I/Io profile. 

However, we observe a distinct pattern for residues 182 – 187 at the end 

helix 2, namely, a systematic increase in I/Io relative to wild type. To extract 

composite values, thus smoothing out site-by-site variations, we determined 

the average I/Io value for each helix from the set of proteins. These values are 

reported to the right of each helix profile in Figure 7 and plotted in Figure 7B.  

Average I/Io values for helices 1 and 3 appear to be randomly distributed and 

show no clear pattern. However, the average I/Io values for helix 2 cluster 

around two values.  Wild type and the dominant negative Q218K show the 

greatest line broadening, with average I/Io values of 0.26 and 0.23, 

respectively. Disease-associated mutants cluster at approximately 0.35, 

consistent with a systematic change of the interaction with the Zn2+-occupied 

octarepeat domain.  
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Electrostatics show a C-terminal Negative 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 their 

positive charge by either loss of an acidic side chain, gain of a basic side 

chain, or both46. Among these charge-increasing mutations are those 

responsible for the most prevalent inherited diseases: E200K (change of +2) 

that results in the development of CJD43 and D178N (change of +1), which 

confers either fatal familial insomnia or CJD, depending on the Met/Val 

polymorphism at position 12947.  

Based on this observation, we hypothesized that the local increase in 

the C-terminal positive charge on 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 NMR structure of MoPrP(121-230) (PDB 

ID:1XYX) was used for a surface potential calculation and the Adaptive 

Poisson-Boltzmann Solver (APBS)34,48 produced the electrostatic surface.  

The results show an intensely negative region centered between helices 2 

and 3 that is composed of E199, E206, E210, and D177 (Figure 8A).  This 

negative patch, previously described by Zhang et al.49, is the same area that 

experiences the greatest change in the 1H-15N HSQC spectra upon the 

addition of zinc (Figure 3).  Interestingly, other negative regions exist on the 
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surface of the protein, for example at the C-terminus of helix 3, but HSQC 

peaks corresponding to this region are not greatly affected in the NMR 

experiments. 

 We then used computational techniques to produce structural models 

of the pathogenic and dominant negative mutants, and then examined their 

surface electrostatics with APBS.  D177N shows a slightly attenuated 

negative patch due to the loss of charge (Figure 8B).  E199K has a greater 

change in the negative region owing to replacement of a negatively charged 

glutamate with a positively charged lysine at the N-terminus of helix 3 (Figure 

8C).  Q218K showed a more diffuse negative electric potential between 

helices 2 and 3 (Figure 8D).  These changes in the electrostatics of the 

surface of the protein are consistent with the peak broadening/shifting 

observed in the NMR spectra.  We hypothesize that the N- and C-terminal 

interaction may be weakened in the two pathogenic mutants due to the loss of 

negative charge in either helix 2 or the N-terminus of helix 3. 
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Figure 8.  Electrostatic surface diagrams of wild type MoPrP and mutants. A. Wild type 
as compared to the pathogenic mutants in B and C.  D is the dominant negative.  Blue 
denotes positive charge and red is negative charge. 

 
 The surface electrostatics of helices 2 and 3 are not changed in the 

pathogenic mutants MoPrP(P101L) and MoPrP(V209I), and therefore do not 

explain these construct’s weakened N-terminal – C-terminal interaction.  For 

MoPrP(P101L), the loss of the conformationally rigid proline residue may alter 

the ability of the Zn2+-occupied N-terminus to wrap around and interact with 

the C-terminus upon zinc binding.  

 Given the electrostatic nature of the Zn2+-driven association between 

the octarepeat and C-terminal domains, we wanted to determine whether the 

interaction was enhanced by the relatively low ionic strength solution in the 

NMR samples. All the above experiments were performed in 50 mM MOPS 

buffer (added as a 1:1 sodium salt), which has an approximate ionic strength 
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of 25 mM. PrPC precipitates with the addition of simple monovalent salts.  

Thus in order to increase the ionic strength, we increased the MOPS 

concentration. HSQC experiments performed at a four-fold higher MOPS 

concentration (Figure 9), ionic strength ≈ 100 mM, gave results with line 

broadening and profiles similar to those presented in Figure 6 and Figure 7.  

Consequently, solvent conditions do not appear to fundamentally alter the 

PrPC inter-domain interaction. 



 79 

 

Figure 9.  Surface diagrams showing the disappeared (black) and significantly shifted 
(dark gray) peaks in the wild type MoPrP at low (12.mM), intermediate (25mM) and high 
(100mM) Na+ concentrations (A-C).  The normalized peak intensities of MoPrP WT at three 
different salt concentrations, for helices 1-3 (D-F).  The dashed lines represent the average 
I/Io values, and the asterisks show the unassigned peaks. 
 
 The concept that emerges from our findings is that the Zn2+-

coordinated octarepeat domain docks to the surface of PrPC’s C-terminal 
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domain 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 C-terminus of PrP.  

The Zn2+ ion was coordinated by the four histidine epsilon nitrogens within the 

octarepeat domain at a set bond distance of 1.99 Angstroms, and defined 

inter-atom angles to maintain tetrahedral geometry.  Beyond this, the N-

terminal domain up to residue 125 was left otherwise unrestrained.  The C-

terminal domain backbone was confined to its NMR structure (PDB 1XYX).  

The solvated starting structure was energy minimized and then 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 Angstroms.  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 

Angstroms.  Next, the distance restraints were removed, and the protein was 

subjected to a 400-picosecond simulation at constant pressure and volume, 

which yielded no significant changes to the protein structure.  The resulting 

model, Figure 10, shows that the Zn2+-bound octarepeat region (purple) 

docks at the C-terminal end of helix 2 and the N-terminal end of helix 3.  The 

C-terminal docking surface is formed primarily by the contiguous sequence 
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from residue 177 to 210 (mouse numbering), which contains the sites of the 

majority of mutations in familial prion disease.  The flexible Zn2+-occupied 

octarepeat domain fully encompasses this surface. 

 

Figure 10. Model of the Zn2+-mediated N-terminal–C-terminal interaction.  The octarepeat 
domain (purple) containing the bound Zn2+ (red) was docked against the relevant C-terminal 
surface using restraints from DEER and NMR.  The acidic residues that define the negative 
patch on helices 2 and 3 are highlighted.  
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Discussion 

 Prior NMR studies on full-length PrPC found little order in the N-

terminal region proceeding residue 120; treatment of PrPSc with proteinase K 

cleaves away the N-terminus around residue 90, but without loss of 

infectivity50,51.  As such, PrPC’s N-terminal region has often been considered 

an appendage – an “N-terminal tail” – with little role in structure or misfolding 

to PrPSc. Our results motivate a reconsideration of this scheme. The higher 

order structure and new tertiary contact identified here require a divalent 

metal ion cofactor to coordinate to the four conserved, octarepeat His 

residues. Both NMR and EPR show consistently that the Zn2+-occupied 

octarepeat domain makes a tertiary contact encompassing the surface of the 

C-terminal domain formed by helices 2 and 3.  

 HSQC spectra on full-length wild type protein in the presence of Zn2+ 

show the greatest influence on the C-terminal residues, as indicated by peak 

broadening.  In contrast, parallel NMR experiments with PrP(91-231) lacking 

the octarepeat domain show almost no change in C-terminal line shapes or 

chemical shift.  PrPC mutants are intermediate between these two extremes.  

It is logical, therefore, to propose that the N-terminal – C-terminal interaction 

is weakened relative to wild type in the familial mutant proteins.  However, 

because the spectra for all full-length proteins are in intermediate exchange, 

we treat this interpretation with caution.  The mutations may influence the 

dynamics of the loops between the N-terminal histidines that coordinate Zn2+, 
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chemical exchange between N-terminal – C-terminal open and closed 

structures, or the chemical shifts at the interface.  Nevertheless, the clustering 

of the average linewidth of the helix 2 residues among wildtype and the 

Q218K versus that observed for the familial mutants (Figure 7D) strongly 

suggests that the latter proteins possess systematically altered structures or 

dynamics. 

 Our results reveal a previously unseen correlation between inherited 

prion disease mutations and an in vitro structural change in PrP.  Early 

investigations hypothesized that mutations would thermodynamically 

destabilize the C-terminal structure of PrPC rendering the protein susceptible 

to misfolding52,53. However, structure and denaturation studies reveal only 

minimal changes in the three-dimensional fold, and no systematic variation in 

stability49,54-59. Our investigation of the pathogenic mutants shows that the 

D177N and E199K mutations systematically alter the N-terminal – C-terminal 

tertiary interaction, likely by reducing the negative surface potential on helices 

2 and 3 that attracts the Zn2+-bound N-terminus. Thus, this class of charge 

altering mutations may reduce stability by affecting the new tertiary fold in 

PrPC as revealed here. It has been noted that familial disease arises from 

mutation directional selection in which all mutations either increase positive 

charge or hydrophobicity46. Our findings provide a preliminary explanation for 

those mutations involving a change in charge. In contrast, the cases of P101L 

and V209I, surface electrostatics cannot explain the reduced interactions we 
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observed at helix 2.  The loss of proline may remove conformational 

restrictions in the linker region, resulting in inhibition of the inter-domain 

interaction.  The data in Figure 6 do suggest that the Zn2+-occupied 

octarepeats in MoPrPC(P101L) make contact with the C-terminal domain on 

the surface opposite to that formed by helices 2 and 3, possibly due to 

alteration in linker conformation. In contrast to findings with the familial 

disease mutations, the dominant negative mutant Q218K, located near the 

end of helix 3, results in a modest strengthening of the Zn2+-driven tertiary 

interaction when compared to the wild type and pathogenic mutants.  From 

this perspective, a weakening of the N- and C-terminal interaction may 

contribute to disease while a strengthening of the interaction may be 

protective. 

The Zn2+-mediated N-terminal – C-terminal interaction may contribute 

to the understanding of PrP’s function and trafficking in the cell. Zn2+ initiates 

PrPC internalization through endocytosis15,16. Coordination to PrPC is 

hypothesized to cause a conformational transition that moves the protein 

laterally out of lipid rafts to be endocytosed via clathrin-coated pits60. The 

structural change induced by zinc binding identified here offers an 

explanation. The Zn2+-driven tertiary association could either displace a lipid 

raft targeting protein, or create a binding site for proteins that facilitate PrP’s 

endocytosis, such as LRP1 (LDL receptor-related protein 1).  Similarly, PrP is 

hypothesized to act as a zinc sensor, in which it detects extracellular levels up 
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to a threshold61.  Exceeding this threshold initiates a signal transduction 

cascade that enables the cell to protect itself against toxic amounts of metal. 

The conformational change caused by the inter-domain interaction may act as 

the trigger for this signal cascade. To this juncture, we’ve considered the N-

terminal – C-terminal interaction as an intramolecular property. However, 

given the length of the linker region between the PrPC domains, it is also 

possible that proximal PrPC copies domain swap, with the N-terminal domain 

of one PrPC docking to the C-terminal domain of its neighbor. In this scenario, 

Zn2+ facilitates non-covalent crosslinking that could stimulate transmembrane 

processes. 

It is well established that PrPC takes up both Cu2+ and Zn2+ 5,27,28,62.  

Our initial experiments here focused on zinc because it binds with only one 

coordination mode and is diamagnetic, thus avoiding paramagnetic line 

broadening. However, a recently published NMR study with PrPC in the 

presence of excess copper showed an interaction at helix 2, residues 174-

18513, which is supported by our results here. At full Cu2+ saturation, however, 

the N-terminal domain can take up to six equivalents, so developing a three-

dimensional structure based on paramagnetic line broadening is challenging. 

Nevertheless, it is clearly important to evaluate how metal-driven tertiary 

structure varies with concentration, and for example, whether low versus high 

Cu2+ levels drive additional conformational transitions. 
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In summary, our findings here reveal a fundamentally new tertiary 

structure in PrPC, assisted by Zn2+ coordination in the octarepeat domain. The 

correlation we find with familial disease mutants suggest that stabilization of 

this tertiary fold creates a barrier to misfolding and the formation of PrPSc. In 

support of this, both Cu2+ and Zn2+ inhibit in vitro amplification of prions20.  

Small molecules or accessory proteins that support this newly identified fold 

could serve in the treatment of the TSEs.  
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CHAPTER 4 

Conclusions 
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 Since the 1980s, most of the research on the prion protein has focused 

on the formation and structure of PrPSc.  Although TSEs are rare, 

understanding their initiation and progression may lend insight into the more 

common neurodegenerative illnesses - Alzheimer’s and Parkinson’s 

diseases.  One approach to this research is to investigate the normal function 

of the protein, in an effort to understand what processes are affected when it 

is converted to the misfolded state.  The emerging consensus is that PrP 

binds metal ions in its flexible N-terminal domain, which participates in its 

normal function.  In contrast, PrP’s structured C-terminal domain misfolds to 

create the infectious agent.  The work presented in this dissertation 

challenges the notion that these two domains act independently.  Our 

research adds several new insights into the effect of metals on the tertiary 

structure of PrP, which is summarized below. 

 

Copper Coordination to the C-terminus of PrP is not Physiologically 

Relevant 

 A strikingly simple answer to what causes PrP to misfold would be 

copper coordination to the C-terminus of the protein, causing local structural 

changes that would destabilize the tertiary fold of PrP.  The likely amino acid 

sidechain candidates for C-terminal copper binding are His140, His177, and 

His187.  However, variants in which each of these histidines was 

systematically mutated to a tyrosine revealed no appreciable difference in 
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total copper uptake.  We then investigated a construct of PrP that contained 

no C-terminal histidines, namely, all three were mutated to tyrosines.  This 

construct binds approximately one equivalent less than the wild type PrP, 

which indicates that His140, His177, and His187 all weakly bind copper, but 

only when excess copper was added.  This concentration of copper is at the 

upper limit of what is present in the synaptic space, which implies that copper 

coordination to the structured domain of PrP is not physiologically relevant. 

 

Zn2+ Drives an N-terminal – C-terminal Interaction in the Prion Protein 

 The prion protein has traditionally been viewed as two separate, non-

interacting domains.  The research presented in this dissertation corroborates 

other recent studies in supporting the notion that these two domains 

physically interact.  Our results indicate that Zn2+ drives an N-terminal – C-

terminal interaction that is localized to a specific region of the structured C-

terminal domain, centered on helices 2 and 3.  This region is negatively 

charged, due to the presence of the four acidic residues D178, E200, E207, 

and E211 (human numbering).  This acidic patch may help to attract the Zn2+-

bound N-terminus.  The global rearrangement of PrP upon metal binding 

provides structural insight into its biological processes.  For example, the 

inter-domain interaction may provide a tertiary structure that is recognized by 

a protein to facilitate its endocytosis.  The fact that this process is metal 
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driven supports the notion that PrP may act as a zinc sensor and trigger 

appropriate cellular signaling cascades in response to metal ions. 

 

Familial Prion Disease Mutants Alter PrP’s Metal-Driven Tertiary 

Interaction 

 Inherited prion disease mutations have long been hypothesized to 

destabilize PrP’s tertiary structure, initiating the pathway to misfolding.  All 

structural studies to date of these mutants, however, have failed to show a 

significantly different fold as compared to the wild type protein.  Our studies of 

the metal-driven inter-domain interaction in PrP led us to question whether 

the inherited prion disease mutations would alter this interaction, as they are 

predominantly localized at the interaction site on PrP’s C-terminal domain.  

We therefore investigated several of the most common pathogenic mutants, 

as well as a protective mutant, and found a correlation between the apparent 

strength of the interaction and the type of mutation.  Our results suggest that 

the general trend of the introduction of a positive charge to helices 2 and 3 in 

the pathogenic mutants causes a weakening of the metal-driven inter-domain 

interaction by decreasing the acidity of the negative patch formed by D178, 

E200, E207 and E211.  Conversely, the protective mutant, Q218K, shows a 

slight strengthening of the inter-domain interaction, suggesting that the 

introduction of a positive charge to the C-terminus of helix 3 may help to 

further stabilize PrP’s new tertiary structure.  The results presented in this 
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dissertation provide the first evidence of a correlation between a pathogenic 

mutation and an altered PrP structure.  Furthermore, they also present a 

strategy for developing therapeutics for prion disease.  
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