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Chapter 1

Introduction: Current State of Knowledge



1.1 Prion Diseases

Transmissible spongiform encephalopathies (TSEs) are a class of progressive
neurodegenerative diseases caused by prions.'” Prions are a unique infectious agent that
catalytically converts a normal, biologically functional protein, PrP, to the misfolded and
disease-associated conformation.”® Although the nomenclature for the disease-associated protein
is varied depending on certain properties, including the size of the protein or the associated
disease or strain, we will refer to the abnormally folded prion protein as PrP™F, unless otherwise
indicated. Available evidence suggests that, unlike other pathogens, prions proliferate by a
nucleic acid-independent method."” Prion diseases affect a variety of mammalian species
including humans (Creutzfeldt-Jakob disease, kuru, fatal familial insomnia, and Gerstmann—
Straussler—Scheinker syndrome), cattle (bovine spongiform encephalopathy or “mad cow”
disease),” sheep and goats (scrapie), and North American cervids (chronic wasting
disease).*™!""* Scrapie has been a documented sheep disease since 1732 in England and in
Germany and France in the late 1760s.'* William Hadlow made the connection between scrapie
and kuru, a disease afflicting the indigenous people of Papua New Guinea in the 1950s and noted
the similarities of the diseases in a 1959 letter to The Lancet."” These similarities included the
prolonged incubation time, clinical symptoms, inevitable death and the neurohistological

hallmark of prion diseases: the degeneration of the cerebellar cortex.'®

1.2 Structure of normal and disease-associated PrP conformers
The cellular prion protein, PrP€, is a 33-35 kDa sialoglycoprotein encoded by a single
copy gene, Prnp.'” The gene is highly conserved among mammalian species and is expressed in

neural and non-neural tissues, the highest expression being seen at the synapse of neurons.'®>°



The N-terminus of the protein contains a signal peptide, which is cleaved in a post-translational
modification, followed by a series of octapeptide repeats containing primarily proline and
glycine residues (Figure 1). The C-terminus contains a signal that controls the attachment of a
glycosyl-phosphatidylinositol (GPI) anchor. Additionally, the protein contains two consensus
sites for N-linked glycosylation as well as two cysteine residues that participate in a disulfide
bond linkage. Secondary structure analysis by solution state NMR spectroscopy, X-ray
crystallography, Fourier transform infrared spectroscopy and circular dichroism indicate that
PrP€ has a high a-helical content.”'** This folding primarily occurs within the C-terminal
domain (aa 121-231) and the N-terminus (aa 23-121) has no influence in its folding as the
folding of the C-terminal domain is preserved in N-terminally truncated PrP forms.*
Although the differences in protein tertiary structure between PrP® and the disease-associated

PrP™" is not completely known, all structural models suggest that the infectious conformation of

24,25

the prion protein contains a rich B-sheet structure.””* The change in structure also confers a

resistance to typical sterilization and degradation methods such as proteinase digestion, most
chemical treatments, and most typical heat-based sterilization measures.’**” The disease agent is
also resistant to irradiation, as it lacks nucleic acid. Resistance to proteinase K degradation is
useful to distinguish between the host-expressed PrP© and the pathogenic PrP™"; where PrP®
would be completely hydrolyzed, all but approximately 86-88 residues at the N-terminus of
PrP™" resists Proteinase K digestion and the remaining protein maintains infectivity.*

The infectious conformation is able to leave the cell surface by disassociating from the
GPI anchor®® and can aggregate into oligomers, protofibrils and amyloid plaques.** Aggregates
of PrP™" accumulate during disease progression and coincide with clinical symptoms such as

ataxia, neuropathological lesions, spongiform vacuolations, and neuron depletion.” All TSEs are



invariably fatal and are distinguishable from other dementia diseases by their rapid progression

of clinical symptoms after an extended asymptomatic period.'®'****!

The key event in all prion
diseases is the conformational conversion of host-expressed PrP€ to PrP™". Although the exact
mechanism is unknown, available evidence suggests that polymeric PrP™" acts as a seed and
becomes a template for the refolding of PrP® into the growing polymer, and conversion may

occur with polyanions acting as catalysts.*'**

This model is called the seeding-nucleation
model.”>”’ The spontaneous post-translational misfolding of PrP* is thermodynamically
unfavorable without the infectious seed, therefore the sporadic initiation of disease is rare.’® In an
alternative model, template directed misfolding, PrP"™" induces the conformational transition of
PrP€ through a cycle of unfolding and refolding reactions. During the reaction, the two
conformations form a heterodimer at an intermediate stage and the resulting two PrP">"
molecules dissociate and restart the reaction.” Prion disease progression relies on the expression
of PrP® on the cell membrane of infected tissues; previous studies have shown that PrP®

knockout mice (PrP”?) resist TSE infection. '

1.3 Prion Disease Pathogenesis

Previous immunohistochemical studies suggest that following oral inoculation or
ingestion, PrP">" enter the mucosal wall probably via transcytoplasmic tunneling of the M-cells
and contact the mucosa-associated lymphoid system, including Peyer’s patches.”*** An
alternative route may be through large lysosomal-associated membrane protein 1 (LAMP1)-
positive endosomes of enterocytes.** LAMPI is a type of glycoprotein that is involved with cell
adhesion and endocytosis and is co-expressed with areas of PrP™" recruitment into the

enterocyte cell body.* These enterocytes may capture and transport PrP™>" from the gut lumen to



the Peyer’s patches. Here, it is proposed, within the sub-epithelial dome, macrophages take up

PrP™" by endocytosis for cellular degradation and follicular dendritic cells in the germinal

TSE 44-47

centers accumulate PrP >" on their surfaces where replication is thought to begin.
Mechanisms of further prion transport to other compartments of the lympho-reticular system
(LRS) are still unclear. Following oral infection, fluorescently tagged PrP™>" trafficked to
axillary lymph nodes within two hours and were present in Peyer’s patches, axillary and
mesenteric lymph nodes up to 8 hours post infection, and PrP™* accumulates in other dendritic
cells and probably sympathetic nerve endings in the LRS.*” After infectivity has reached a
certain plateau in the LRS, PrP™" likely gains contact with the CNS via splanchnic nerves at the
level of the thoracic spinal cord. Accumulation of PrP"> in the central and peripheral nervous
system of naturally infected deer provides evidence that disease spreads to the brain via the

TSE

enteric nervous system. In clinically infected mule deer, high levels of PrP >~ were detected in

peripheral nervous system tissues associated with the digestive tract, including dorsal motor
nucleus of the vagus nerve and the myenteric plexus.*® This same tissue tropism of PrP™"
accumulation was seen in hunter-harvested deer positive for CWD by immunohistochemistry
(IHC) where the earliest tropism of PrP™>" in the brain was the motor nucleus of the vagus
nerve.” The exact role of the individual cells and the exact timing in PrP">" replication and
transmission in each tissue is currently unknown. Differences in replication rates and locations of
accumulation may differ between PrP™>" alone and PrP™>" bound to microparticles. Distinct

differences in disease routes may exist between different sizes of PrP™>"

particles and the
conditions of interactions between PrP™" and microparticles.

Terminal stages of TSEs are usually histologically characterized by large amyloid

deposits of misfolded proteins. Studies using flow field-flow fractionation™ and sedimentation



velocity show that non-fibrillar oligomers of around 300-600 kDa (equivalent to approximately

50,51

14-28 PrP™ molecules) are the most efficient initiators of TSE disease. It is generally agreed

that oligomers and protofibrils (4-11 nm in diameter and less than 200 nm in length)’** are more
toxic and more efficient at disease initiation than larger amyloid fibrils (approximately 10-14 nm
in diameter and several um in length).’*>* Smaller molecules are more unstable compared to
fibrils of 14-28 monomers, and are more likely to be captured and degraded by macrophages

TSE

before replication can accumulate enough PrP >" to the point of exponential replication seen in

disease progression.”” Isolated sizes of fractionated PrP™>"

adsorbed to Mte may also illustrate a
difference in disease transmission based on a certain size of fibril associated with Mte that is
unclear in heterogeneous inoculum.

Progressive neurodegeneration is the inevitable outcome of prion disease, however the
mechanism of neurotoxicity remains unknown. Several groups have hypothesized that the
neurodegeration is a result of loss of PrP® function, however this hypothesis has been tested by
the development of PrP knockout mice where it was confirmed that PrP is not required for
growth and development in mice; PrP knockout mice develop normally to adulthood, indicating

TSE or an intermediate has

PrP has a non-essential role.” Other groups have claimed that PrP
neurotoxic properties. Several factors likely play a role in prion-disease associated cell death,

and cell toxicity may come from both hypothesized causes. A strong argument for loss of PrP©
function coupled with increased stress resulting in neuronal toxicity comes from an experiment
where Prnp transgenic mice expressing hamster PrP only in the astrocytes were challenged and

became infected with hamster-adapted scrapie agent.”® This indicates that PrP™" in the

astrocytes results in neurotoxic signaling that PrP knockout mice are not susceptible to.



1.4 Evidence for oral environmental transmission of prion disease

44,57,58

Most natural TSE transmission occurs via the oral route. The occurrence of bovine

spongiform encephalopathy in the 1980s and 90s was due to infectious material being included
in meat and bone meal fed to cattle, and the subsequent transmission to humans (variant

Creutzfeldt-Jakob disease) was strongly implicated to be due to consumption of infected beef

8,9,59

: L . : . 10,12,16,60
products. Kuru was spread by ritualistic cannibalism of deceased relatives. = ™" Some

TSEs do, however, result from genetic mutations, such as fatal familial insomnia and familial
Creutzfeldt-Jakob disease (CJD),'” both in humans, and CJD has been shown to spread
iatrogenically.'® Scrapie and chronic wasting disease (CWD) are unique among other TSEs in

that indirect horizontal transmission occurs from infected to naive animals via an environmental

61,62

reservoir of infectivity.” " Evidence suggests that prions enter the environment through urine,

saliva, blood, placenta, or feces from infected animals or decomposed diseased carcasses (Figure

2).1636% The quantity of prion shedding changes throughout the course of the disease depending

on the tissue or excretion, mule deer are capable of producing titers of approximately 100
infectious units per mL of saliva (IUso mL™'; an U5 is the median infectious dose, the amount of
infectious agent needed to infect half the test animal population),”” and infectivity in feces is

estimated at titers of 10*° IUso g wet feces cumulative over the course of a 10 month window

67,70

where deer shed prions but do not yet show clinical symptoms of disease. Infectivity from

decomposing carcasses depend on the state of disease progression. Improper disposal of

TSE

infectious material may be an additional route of PrP >" entry into the environment, such as

72,73

buried infected carcasses, ™'~ and deposition of waste products (e.g., from slaughterhouses) into

74-76

the environment. Pathogenesis of prion diseases differ among species, and prion shedding in

the cases of scrapie and CWD may implicate increased peripheral tissue accumulation as a factor



in natural disease transmission.”’

The transmission of scrapie from diseased to naive animals via an environmental
reservoir has been long supported by anecdotal evidence, including up to 16 years between
diseased animal presence and naive animal exposure.”® An experiment by Greig (1940)
investigated this transmission by housing naive sheep in enclosed fields previously housing
scrapie-infected sheep.” The sheep contracted the disease despite having no direct contact with
diseased animals. More recently, contaminated environments were shown to harbor levels of
prions sufficient for disease transmission for up to 36 days,* and several fomites (i.e., materials
or objects harboring infectivity) such as metal fencing, plastic scratching posts and wooden fence
posts were implicated in the transmission of scrapie at a sheep farm.*'

Extensive evidence has shown CWD infectivity persists in the environment. An
unsuccessful attempt to decontaminate animal facilities previously housing diseased mule deer
(Odocoileus hemionus) was an early demonstration of the environmental transmissibility of
CWD." This same group later investigated the transmission of CWD in the environment and
determined that in paddocks where diseased animals had been previously housed, naive animals
contracted the disease after 2.2 years, and that in paddocks where CWD-infected carcasses had
been allowed to decompose in situ, naive animals contracted the disease after introduction 1.8
years later.”! Fomites including feed buckets, water and bedding from pens housing
experimentally challenged white-tailed deer (Odocoileus virginianus) in the preclinical stage of

infection were sufficient to transmit the disease to naive animals."!



1.5 Effect of soil microparticles on disease transmission

The amount of PrP™>E

shed from diseased animals is low (between —1.1 and 0.4 log IDs
units/mL)™ and oral transmission is less efficient than inoculation directly into the cerebrum by a
factor of ~10° for mice.®’” Given that the amount of infectious material released into the
environment is so low, successful environmental transmission is not widely expected, however it

6162 pactors that are

appears to be one of the primary routes of transmission of CWD and scrapie.
expected to influence the susceptibility of animals to the infectious agent include species of the
host, and route of infection (e.g., inhalation, ingestion, scarification). The behavior of the animal
(e.g., grazing in areas of animal congregation, rubbing on fence posts) is also a contributing
factor as their physical exposure to infected environments or fomites likely adds to the likelihood
of transmission.

Oral transmission of both scrapie and CWD is likely to occur through exposure to

contaminated soils; ungulates ingest large quantities of soil and previous work from our group

TSE 73,84,85

has shown that PrP">" strongly binds to specific soil constituents, and remarkably, this
adsorption maintains prion infectivityand enhances oral transmissibility.** Cervids and
ruminants ingest large amounts of soils both to supplement nutrients and inadvertantly while
grazing (e.g., 8-30 g/day in the case of mule deer).*’ Analysis of CWD incidence and soil
property data revealed that for every 1% increase of clay particle content in soil, the deer in that
habitat have an 8.9% increase in their odds of being infected with CWD,* therefore prion
infectivity in the soil is of particular concern due to this observed correlative enhancement in

disease transmission. Almberg et al. (2011) examined CWD epizootic dynamics using a discrete,

aspatial, susceptibile-exposed-infectious-clinical model to examine the effect of infectious prion



10
persistence in soil. They found the duration of TSE agent persistence would drive CWD
prevalence and the severity of cervid population decline.*

The properties of soil plays a role in disease transmission;" a positive correlation was
found between clay content of soils (i.e., soil particles <2 um) and CWD infection in northern
Colorado’s free-ranging mule deer population.*® Transmission is also likely affected by the
location of prion deposition in the soil (surface deposition from pre-clinical and clinical stage
shedding vs. diseased carcass burial below soil surface), interaction strength between prions and
soil constituents, environmental conditions (e.g., temperature, soil pH, water content and flux),

90,91

and the presence of microorganisms, environmental enzymes,”””' and/or minerals’* capable of

degrading the infectious agent.”

1.6 Prion and PrP"SE detection methods

TSE

Detection methods for prions and PrP °" are differentiated into those that detect

infectivity and those that measure PrP, or, when PK treated, pPrp™E

. Animal infectivity bioassays
measure prion infectivity directly and are performed in whole animals via oral, intracranial
(“IC”), intraperitoneal (“IP”’) or other routes of infection depending on the investigation question
(e.g., inhalation, sublingual, environmental exposure such as the paddock experiments previously
described, etc.). Long considered the “gold standard” for detection of prion infectivity, bioassays
have a limit of detection of approximately 5.3 fg.”* Animal bioassays have been used as an end-
point measurement to determine the dilution at which a set proportion of the population of
infected animals acquire disease.”” Alternatively, bioassays have been used as way to measure

incubation time, where animals are inoculated and the time until disease onset is measured.”®

Practical limitations of bioassays include the length of time until disease onset, cost to purchase



11
and maintain large quantities of animals, and considerations for genotype and background
variety of certain animal strains.

1.6.1 In vitro methods of prion detection

In vitro methods to detect and diagnose prion diseases include immune-detection assays
such as western blots, enzyme linked immunosorbant assays (ELISA) and
immunohistochemistry, which typically provide direct detection of the prion protein in both the
normal and misfolded form, although some only detect PrP™>" ***7® THC is currently considered
the diagnostic gold standard and provides direct visualization of the prion amyloid deposits
present in tissues. IHC is instrumental in mapping prion distribution throughout tissues, as well
as differentiating between prion phenotypes such as punctate verse diffuse amyloid staining.
Western blots and ELISAs also use antibodies to directly detect the presence of prions in a liquid
sample and are commonly used for disease diagnostics.

1.6.2 Protein Misfolding Cyclic Amplification

Protein misfolding cyclic amplification (PMCA) is a PrP™" detection method that

exploits the ability of PrP™"

to convert the cellular prion protein to the disease-associated
conformer. Amplification is achieved through repeated cycles of sonication and incubation
p g p y
Figure 4).°**1% Cellular prion protein from uninfected brain homogenate is used as a substrate,
g p p g

and a small amount of starting material containing PrP™"

seeds the conversion. Samples are
sonicated with one (microplate-based PMCA, mbPMCA) or two Teflon beads (bead assisted
PMCA, PMCAD) to disrupt PrP"" aggregates and incubated to allow PrP-to-PrP"" conversion
before repeating the cycle. One “round” of PMCA consists of multiple cycles (96-144). During

serial PMCA, the substrate is replenished between rounds. The level of amplification can be

determined by immunoblotting after proteinase K digestion, and samples can be used to estimate
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the quantity of PrP™" present in each sample using semi-quantitative methods. The newly
converted PrP™" has physiochemical properties identical to the seed and remains infectious in
bioassay.'” The inclusion of polymeric beads is a recent advancement that has improved the
robustness and repeatability of the technique.””'® We have shown that PMCAD increased the
detection sensitivity of CWD agent by a factor of 10°.'" Our group has shown previously that
the sensitivity of PMCAD is such that CWD-positive brain homogenate can be detected in
dilutions up to 6.7 x 107" after three 96-cycle rounds with no additional detection after a fourth
round.'” This sensitivity exceeds by ~10° that of detection by bioassay when conducted in
transgenic mice (cervid prion protein expressed) where clinical disease symptoms were observed
in half the mice at 107 dilution.'”

Recently, Moudjou et al. (2014) adapted PMCA/PMCAD to a 96 well microplate format
(mbPMCA) where the amount of substrate and seed is reduced 60% and only one Teflon bead is
used. In addition to reducing materials, the 96-well plate format allows higher throughput of
samples. We have seen a noticeable improvement in PMCA reproducibility using mbPMCA,
with the limit of detection reaching a 10" dilution from CWD brain. We found that mbPMCA

is more sensitive than immunohistochemistry by a factor exceeding > 10°~.

1.7 Resistance of prions to physical, chemical, and enzymatic inactivation

Prions are resistant to conventional sterilization methods that inactivate conventional
pathogens (e.g., viruses, bacteria, protozoans), such as ionizing, microwave, and ultraviolet
radiation,'%''* dry heat, boiling,101 standard autoclaving,m4 or exposure to formalin,'” or 1-8 M
urea.'” Effective treatments include autoclaving at 132 °C for 4.5 hours or at 121 °C for 90

minutes in the presence of 1 M NaOH, exposure to the denaturing chaotropic salt guanidinium
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1% incineration (15 min at 1000 °C),'"” and exposure to the phenolic

thiocyanate (>6M),
disinfectant Environ LpH (1% for 30 min),'® exposure to 2% sodium hypochlorite for 1 h,'"”
exposure to acidic 1% SDS (pH <4.5) at 65 °C for 2 h following exposure to 4% SDS (neutral
pH) at 65 °C for 30 min.''® Additional oxidation techniques that have been attempted for prion
inactivation are reviewed in Table 1 in Chapter 2.

Prions generally resist degradation by microorganisms and isolated proteases.””'"
Several examples of proteolytic degradation of prions have been reported, such as via

12-114 - . . . : -
via microbial communities on the surface of ripened cheeses,'"” and via lichen

composting,
proteases.''® Some isolated enzymes, primarily serine proteases, have shown the ability to
degrade prions, however, challenges associated with proteolytic degradation of prions include
requirements of harsh conditions for prion degradation (extensive exposure times, elevated
temperature, alkaline pH, presence of a detergent).” Prionzyme (Genecor), a proprietary serine
protease derived from Bacillus subtilis, was able to reduce prion detection to less than threshold
for Western blot, but required up to 7 d for this depletion to occur at mild conditions (pH 7.4 and
22 °C) and, significantly, infectivity was not reduced.'"’

In some studies, protease-induced reduction in the detected amount of pathogenic prion

protein does not correlate with declines in prion infectivity,*"''®

indicating that after exposure
to potentially proteolytic enzymes in which immunoblot detection of the protein decreased, the
prions remained infectious. These results suggest that not only the type of enzyme used, but also

the conditions of prion incubation with enzymes can have a significant effect in reducing prion

infectivity.
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1.9 Summary and concluding remarks
Despite the many advances in prion research, many questions remain, specifically

TSE .
SE associated

regarding the role of soil in both disease transmission dynamics and the role of PrP
with soil particles in efforts to inactivate the disease agent, especially in the environment.
Chronic wasting disease continues to spread throughout the United States; since the work
described here began in 2011, seven states reported new incidents of CWD in captive or wild
cervids. Now, more than ever, it is imperative that inactivation techniques be developed and

translated to environmental applications and that wildlife management strategies consider the

role of environmental factors in prion disease transmission.

1.10 Introduction to the research in this dissertation

The main goal of the current research is to gain a greater understanding of CWD prion
inactivation and CWD transmission dynamics with respect to prion association with soil
particles. The overall hypothesis for this thesis is that CWD prions associated with soil
components play a role in inactivation as well as disease progression once orally ingested.
Utilizing diagnostic methods and subclinical disease tissue assays, we addressed the following

research questions:

Question 1: Are prions susceptible to inactivation by oxidation with
peroxymonosulfate?

Currently, efficient prion degradation techniques are not realistic for
environmental applications, yet the spread of CWD continues with extensive evidence

implicating horizontal transmission through an environmental reservoir. Here, we
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investigate the ability of peroxymonosulfate to inactivate two strains of prions: CWD, an
environmentally relevant prion strain; and the HY strain of hamster-adapted transmissible
mink encephalopathy. Peroxymonosulfate rapidly inactivates both strains, with enhanced
degradation seen when peroxymonosulfate is activated to sulfate radical by addition of the
transition metal cobalt. We showed, using liquid chromatography-tandem mass
spectrometry, that four residues are consistently oxidized by peroxymonosulfate, and by
using transmission electron microscopy, we see the entire protein fibril structure is affected.
By using protein misfolding cyclic amplification, we show that peroxymonosulfate reduces
PrP€ to PrP™" in vitro conversion by a factor greater than 10°°. Because of these results, we
considered further studies essential, especially studies to investigate the ability of

peroxymonosulfate to inactivate prions associated with soil components.

Question 2: Can oxidation by peroxymonosulfate inactivate CWD prions
associated with isolated clay and iron oxide soil particles?

Here, we extended the investigation with prion inactivation by peroxymonosulfate
by examining the extent of degradation when CWD prions are associated with soil particles.
In addition to association with soil components and environmental factors such as pH, and
temperature were examined for their effect on oxidation efficiency. We show that despite
binding to clay microparticles, peroxymonosulfate is able to inactivate the associated CWD
prions. Furthermore, relevant environmental temperatures (4-50 °C) and pH (3-9) do not
significantly affect prion inactivation. Our results suggest that peroxymonosulfate may be an

option for future CWD prion remediation efforts.
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Question 3: Is peroxymonosulfate able to degrade CWD prions associated
with whole soils at concentrations not toxic to environmental flora?

In addition to clay and iron oxide microparticles, whole soils are complex and
include a combination of minerals, mineral and organic matter. The assessment of the ability
of peroxymonosulfate to inactivate prions associated with soil is a key step towards
environmental application. In addition to assessing degradation, it is essential that the
toxicity of peroxymonosulfate is well understood before its environmental application. We
showed that peroxymonosulfate is able to inactivate prions associated with six different
whole soils, and, using protein misfolding cyclic amplification, we showed in vitro
conversion is significantly reduced. Furthermore, we show that although the concentration

T3E s lethal to soil microflora and turfgrass, grass seeded on soil

used to inactivate PrP
exposed to high concentrations of peroxymonosulfate is able to grow, and bacterial and
fungal colonies are likely able to recover. These results indicate that peroxymonosulfate

may be a viable option for remediation of prion infected soil in the environment and may

contribute to limiting the horizontal spread of CWD.

Question 4: Do CWD prions associated with soil microparticles affect prion
accumulation and prion tissue tropism in vivo?

The transmission of prion disease is enhanced when prions are associated with
microparticles. This effect has already been shown in hamster models, however we cannot
assume this enhancement holds true in cervids due to inherent differences in rodent vs.
cervid intestinal anatomy and potential prion strain differences. In addition to investigating

an increased disease penetrance in cervids, other questions remain from the earlier studies.
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Here, we examined the accumulation of PrP™>" in tissues from white-tailed deer orally
inoculated with CWD brain homogenate with or without clay microparticles. We used
protein misfolding cyclic amplification to detect prions in the palatine tonsil, submandibular
lymph node, retropharyngeal lymph node, and ileum. Importantly, our results showed that
animals given inoculum containing clay microparticles had larger amounts of accumulated
PrP™* and PrP™* was detected in a larger number of tissues compared to animals given
inoculum without particles. Although the mechanism of enhanced disease transmission is
not yet established, our results indicate that tissue tropism is altered and accumulation is

increased when the disease agent is associated with microparticles.
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Figure 1. Structural regions of the prion protein. Compiled functional regions from
studies of mouse, human, hamster, and sheep prions. Abbreviations: OR, octapeptide repeats;
CC, conserved core; HC, conserved hydrophobic core; PK, proteinase K; GPI, glycosyl-

phosphatidylinositol; S, serine.
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Figure 4. Protein Misfolding Cyclic Amplification. A sample containing pathogenic
prions (PrP™F) is placed in an excess of normal prion protein (PrP%) and subjected to successive

rounds of incubation of sonication until sufficient pathogenic prion protein has been formed to

allow detection by immunoblotting.
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Chapter 2

Peroxymonosulfate Rapidly Inactivates the Disease-associated Prion Protein*

*A version of this chapter will be submitted to Environmental Science & Technology with
Booth, C.J., Lietz, C.B., Li, L., and Pedersen, J.A. as co-authors.

*Chris Lietz conducted the LC MS/MS analysis
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21 ABSTRACT.

Prions, the etiological agents in transmissible spongiform encephalopathies, exhibit
remarkable resistance to most methods of inactivation that are effective against conventional

pathogens. Prions are composed of pathogenic conformers of the prion protein (PrP™>"

). Some
prion diseases are transmitted, in part, through environmental routes. The recalcitrance of prions
to inactivation may lead to a persistent reservoir of infectivity that contributes to the
environmental maintenance of epizootics. At present, few methods exist to remediate prion-
contaminated lands. Here we examined the ability of peroxymonosulfate to degrade PrP™" as an
initial step toward developing an in situ chemical oxidation process to inactivate prions. We find
that peroxymonosulfate rapidly degrades PrP™" from two species. Transition metal-catalyzed
decomposition of peroxymonosulfate to produce sulfate radicals appears to enhance degradation.
We further demonstrate that exposure to peroxymonosulfate significantly reduced PrP-to-PrP">"
converting ability as measured by protein misfolding cyclic amplification, used as a proxy for
infectivity. Liquid chromatography-tandem mass spectrometry revealed that exposure to
peroxymonosulfate results in oxidative modifications to methionine and tryptophan residues.

This study indicates that peroxymonosulfate may hold promise for in situ remediation of prion-

contaminated surfaces.
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2.2 INTRODUCTION

Prions are the etiological agents of transmissible spongiform encephalopathies (TSEs) or
prion diseases."” Prion diseases are a group of fatal, neurodegenerative disorders affecting a
number of mammalian species including humans (kuru, Creutzfeldt-Jakob disease), sheep and
goats (scrapie), cattle (bovine spongiform encephalopathy; “mad cow” disease), and North
American members of the deer family (chronic wasting disease; CWD). Prions appear to be

TSE

composed primarily, if not solely of misfolded conformers (PrP °") of the host-encoded cellular

prion protein (PrP%)."”* The central molecular event in prion diseases is the conformational
conversion of PrP® into PrP"F,'? which induces profound changes in the biophysical properties
of the protein. Whereas PrP® is primarily a-helical, detergent soluble and labile with respect to
proteolysis, PrP™>" exhibits high B-sheet content, is largely insoluble in water and most
detergents, and displays remarkable resistance to a variety of chemical and physical inactivation
methods.*” Treatments that are effective for inactivating conventional microbial pathogens (e.g.,
boiling, ultraviolet irradiation, ethanol, formalin, conventional autoclaving) do not eliminate
prion infectivity.® Sterilization procedures recommended by the World Health Organization
include > 1 h exposure to 1 N sodium hydroxide or 2% sodium hypochlorite, or autoclaving in 1
N sodium hydroxide at 121 °C for 30 min.®

Chronic wasting disease of North American members of the deer family (cervids) and
scrapie in sheep and goats are spread in part via environmental reservoirs of prion infectivity.’
Past studies indicate that indirect transmission via environmental routes may play a important
role in the long-term dynamics of CWD in North America.'® Infected animals shed prions in

11-15

feces, urine, and saliva. Prion infectivity can persist in the environment for years.'>''® The

persistence of prions in the environment is attributed to the intrinsic stability of PrP">" fibrils and
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may be enhanced by association with soil constituents, one explanation invoked for the

preservation of intrinsically labile organic matter.”**
Remediation of prion-contaminated lands poses a challenge; decontamination methods
that have been demonstrated to be effective in inactivating prions are difficult to apply in the

environment.** Several oxidants used for in situ chemical oxidation of recalcitrant organic

contaminants™ >’ have been investigated for their ability to degrade PrP™" including hydrogen

31-33 34-36 37-39

peroxide,” ozone, permanganate, and the Fenton reagent. Table 1 provides a
summary of selected studies that have demonstrated the ability of oxidants to inactivate prions.
Most oxidants investigated to date are either insufficiently effective against prions (e.g., H2O»,
permanganate) or possess features that may limit their utility for application to soils (e.g., the
gaseous nature of Os, low pH needed for optimal application of Fenton reagent).
Peroxymonosulfate (HSOs") has been investigated for in situ chemical oxidation,*** but has not
previously been investigated for its ability to inactivate prions. Peroxymonosulfate is a
monosubstituted derivative of H,O, that is less prone to spontaneous decomposition in water
than hydrogen peroxide and is frequently more reactive than H,O, kinetically despite having only
a slightly higher standard reduction potential (Ex° (HSOs /HSO4 ) = +1.82 V vs. Eii° (H,02/H,0)
= +1.776 V).*"*® Peroxymonosulfate is reactive over a broad pH range, but its stability declines
as pK,, is approached (9.9 at 20 °C).*”*® Peroxymonosulfate can oxidize organic moieties
including acetals to alcohols,” alkenes to ketones,”® sulfides to sulfones,”' and phosphines to
phosphine oxides.>*

Peroxymonosulfate can be activated thermally,” radiolytically,” photolytically (A < 419

nm),”* and in the presence of transition metals to produce sulfate radical (SO4).*"*">7 Much

previous work with peroxymonosulfate used Co(Il) to catalytically decompose



36

— 40-43,54,57,58
peroxymonosulfate to SO, ~.*0+47-

The estimated standard reduction potential of SOy , Ey’
(SO4/S047), is 2.5 to 3.1 V,” similar to or higher than that for hydroxyl radical (-OH; Ey’
(-OH/H,0) = 2.59 or 2.7 V).%” The reduction potential for sulfate radical does not vary with pH
for proton activities typical of the environment while that for hydroxyl radical does, making the
formal potential of SO4- larger than that of ‘OH at pH > 3.4 (assuming EHO(SO4-_/ SO42_) and Ey°
(‘OH/H,0) are 2.5 V and 2.7 V, respectively; all activities unity other than that for protons).
Cobalt-activated peroxymonosulfate has been employed to treat diesel-contaminated soil,*
polychlorinated biphenyls,®' atrazine,* and landfill leachates.®” Activated peroxymonosulfate
can degrade peptidic cyanobacterial toxins® and some amino acids.®* The ability of (activated)
peroxymonosulfate to inactivate prions has not been previously reported.

The objectives of this study were to determine the extent to which peroxymonosulfate
degrades and inactivates pathogenic prion protein unaided, and when activated by cobalt. To
achieve these objectives we used immunoblotting to investigate degradation of PrP™" from
white-tailed deer (Odocoileus virginianus; CWD agent) and golden hamsters (Mesocricetus
auratus; HY agent) by (Co(Il)-activated) peroxymonosulfate as a function of time and
peroxymonosulfate concentration. We used protein misfolding cyclic amplification (PMCA) to
examine (activated) peroxymonosulfate-induced reductions in the PrP-to-PrP™F converting
ability of prions as a proxy for infectivity. We investigated modifications to the primary structure
of PrP™F due to exposure to (activated) peroxymonosulfate by liquid chromatography-tandem

mass spectrometry (LC-MS/MS).



37

2.3 EXPERIMENTAL

2.3.1 Prion protein sources. Hamster-adapted transmissible mink encephalopathy
agent (HY strain) and cervid (CWD) agent were obtained from brain tissue of experimentally
inoculated Syrian golden hamsters and an experimentally inoculated white-tailed deer,®
respectively. Animals were cared for in accordance with protocols approved by the Institutional
Animal Care and Use Committee of the University of Wisconsin — Madison (Assurance Number
3464-01). Brain tissue was homogenized in 1x Dulbecco’s phosphate buffered saline (DPBS;
137 mM NaCl, 8.1 mM NaHPO,>, 1.47 mM H,POy; pH 7), and the resultant 10% (w/v) brain
homogenate (BH) was stored at —80 °C until use. When elimination of PrP® was needed, BH was
treated with 50 pg'mL™" PK (final concentration) for 1 h at 37 °C. Proteinase K activity was
halted by addition of PMSF to a final concentration of 4 mM. Some experiments were conducted
with purified HY PrP"", wherein the P4 pellet was isolated from eight hamster brains following
the procedure of Bolton et al.’ as modified by McKenzie et al.”® The P4 pellet was resuspended
in 1x DPBS, pH 7.4. Total protein concentration in the purified preparation was measured using
a BCA protein assay (Pierce), and PrP™" concentrations were estimated to be > 90% of total
protein.”’ Purified, full-length (23-230) recombinant murine PrP (residues 23-231, lacking a His-
tag) in the a-helix-rich conformation (a-mo-recPrP) was acquired from Prionatis AG (RPAO101,
Alpnach Dorf, Switzerland).

2.3.2 Reaction of peroxymonosulfate with prions. Pathogenic prion protein,
either in the form of purified preparation (HY strain) or 10% BH (HY or CWD strains) was
mixed with solutions of peroxymonosulfate and/or CoCl, under the conditions indicated in the

Results and Discussion. All concentrations presented for peroxymonosulfate, CoCl,, and
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quenching agents reflect final concentrations. The molar ratio of peroxymonosulfate to CoCl,
was 125:3 unless otherwise specified. All experiments were conducted at room temperature (~25
°C) in polypropylene microcentrifuge tubes in the dark. Some experiments employed a-mo-
recPrP. Reactions with peroxymonosulfate and/or CoCl, were halted by addition of an equal
volume of 0.5 M sodium thiosulfate (unless otherwise specified). In some cases, samples were
pre-treated with sodium thiosulfate to prevent oxidation by peroxymonosulfate and radical
species. All experiments were conducted in triplicate unless otherwise specified. Final solution
pH of peroxymonosulfate was stable at approximately 1.5. For experiments with a-mo-recPrP
pH was controlled by preparing peroxymonosulfate solutions in 100 mM phosphate and brought

to the desired pH with 0.1 M NaOH or 0.1 M H,SOs,.

PTSE TSE

2.3.3 Immunoblot detection of Pr . Following treatment, PrP >~ samples were
prepared for SDS-PAGE as previously described.®” Briefly, a 20 uL aliquot was removed from
the reaction vessel and mixed with 10 pL of 10x SDS sample buffer (100 mM Tris; pH 8, 10%
SDS, 7.5 mM EDTA, 100 mM dithiothreitol, 30% glycerol). Samples were then heated at 100 °C
for 10 min and fractionated on 12% bis-tris polyacrylamide gels (Invitrogen). Proteins were
electrotransferred from the gel to a 0.45 pum polyvinyl difluoride membrane (Millipore).
Membranes were blocked with 5% nonfat dry milk (prepared in 1x Tris-buffered saline
containing 0.1% Tween 20) overnight at 4 °C. Membrane-bound hamster PrP was probed with
monoclonal antibody 3F4 (Covance, 1:40,000 dilution; epitope: 109-112) or SAF83 (Cayman
Chemical, 1:200, epitope: 126-164). Cervid PrP and murine recPrP were probed with
monoclonal antibodies 8G8 (Cayman Chemical, 1:1000, epitope: 97-102) and Bar224 (Cayman
Chemical, 1:10000, epitope: 141-151). Primary antibodies were detected with horseradish

peroxidase-conjugated goat-anti-mouse immunoglobulin G (BioRad, 1:10,000 dilution) and
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Super Signal West Pico chemiluminescent substrate (Pierce Biotechnology). Densitometric
analysis of immunoblot bands was conducted using Image J Software.

2.3.4 Protein misfolding cyclic amplification. Bead-assisted protein misfolding
cyclic amplification (PMCA) was conducted following the methods of Johnson et al.,*® adapted
to a microplate format™ and designated mbPMCA. Detection of CWD prions was achieved using
PrP€ in normal brain homogenate from uninfected transgenic mice hemizygous for the cervid
prion gene (Tg(CerPrP)1535 mice)”’ as substrate for the PMCA reaction. Mice were euthanized
by CO, asphyxiation and immediately perfused with 1x modified DPBS without Ca®" or Mg*"
(Thermo Scientific, amended with 5 mM EDTA). Brains were rapidly removed, flash frozen in
liquid nitrogen, and stored at —80 °C until use. Brain tissue was homogenized on ice to 10%
(w/v) in PMCA conversion buffer (Ca*"- and Mg*'-free DPBS supplemented with 150 mM
NaCl, 1% Triton X-100, 0.05% saponin (Mallinckrodt), 5 mM EDTA, and 1 tablet Roche
Complete EDTA-free protease inhibitors cocktail (Fisher) per 50 mL conversion buffer). Brain
homogenates were clarified by centrifugation (2 min, 2,000g). Supernatant was transferred to
pre-chilled microcentrifuge tubes, flash frozen in liquid nitrogen, and stored at —80 °C until use.

Seeds for mbPMCA were prepared from CWD-positive white-tailed deer brain tissue by
serially diluting 10% BH (made up in DPBS) five-fold in normal brain homogenate (NBH) to
generate a dilution series. Sample dilutions were used to seed 36 uL. NBH (4 pL seed) in 96-well
PCR microplate (Axygen, Union City, CA, USA) with one 2.38 mm Teflon® bead (McMaster-
Carr, #9660K12). Experimental plates were placed in a rack in a Misonix S-4000 microplate
horn, and the reservoir was filled with ultrapure water. Each round of mbPMCA consisted of 96
cycles (30 s sonication at 40-60% of maximum power, 1770 s incubation at 37 °C). At the

completion of 96 cycles, new NBH was reseeded with 4 uL of the reaction product for serial
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mbPMCA. After completing the last round of mbPMCA, 20 puL of each sample was PK digested
(50 pgrmL™', 1 h, 37 °C) and analyzed by SDS-PAGE with immunoblot detection (vide supra).

2.3.5 Liquid chromatography-tandem mass spectrometry. To prepare samples
for LC-MS/MS analysis, we exposed ~2.4 pg of HY PrP™" (PK-treated purified preparation)
with 9.6 mM peroxymonosulfate in the absence or presence of 230 pM CoCl, for 15 or 60 min.
At the end of the exposure, samples were quenched with an equal volume of 0.5 M sodium
thiosulfate, and the total sample volume (~26 pL) was dried down using a SpeedVac™ (Thermo
Scientific). To achieve high sequence coverage in LC-MS/MS analysis, samples were digested
with multiple proteases: samples were digested by a combination of endoprotease Lys-C and
trypsin (which cleaves C-terminal to lysine and arginine), or by chymotrypsin (which cleaves C-
terminal to tryptophan, tyrosine, phenylalanine, and leucine) as detailed in the SI. Dry pellets
were resuspended in 20 pL of 8 M urea (in 50 mM Tris-HCI, pH 8) and sonicated for 30 s.
Cysteine residues were reduced and alkylated as outlined in the SI.

Peptides were extracted and desalted using 100 pL reversed-phase C18 Omix SPE pipette
tips (Agilent Technologies) following manufacturer recommendations and dried down using a
SpeedVac (Thermo Scientific). The sample was then resuspended in 0.1% formic acid (prepared
in LCMS grade water). The peptide fragments were analyzed on a nanoAcquity UPLC (Waters
Corp.) with an integrated nano-electrospray ionization (nESI) emitter. Upon elution from the
column, sample was electrosprayed into the nESI source of an Orbitrap Elite mass spectrometer
(Thermo Fisher). The selected ions were isolated and fragmented individually, and each
fragmentation spectrum was recorded. Samples were prepared in two technical replicates and
analyzed in duplicate by LC-MS/MS. Details on the method and subsequent data analysis are

described in the SI.
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2.4 RESULTS AND DISCUSSION

2.4.1 Peroxymonosulfate rapidly degrades pathogenic prion protein. Prion

"L.72 We therefore examined the

strains exhibit different susceptibilities to inactivation methods.
ability of peroxymonosulfate to degrade PrP™" from two prion strains: laboratory model strain
HY and an environmentally relevant CWD strain. We exposed 10% HY brain homogenate,
purified HY preparation or 10% CWD brain homogenate to 125 mM peroxymonosulfate for 60
min. Peroxymonosulfate reactions were quenched with up to 1 M Na,S,0s. (This concentration
of Na,S,0; did not affect detection of PrP™" by immunoblotting; Figure S1.) Densitometry
values from the resulting immunoblots are presented in Figure 1A (inset) relative to the control
(PrP™" in ultrapure water). Following a 1-h treatment with peroxymonosulfate,
immunoreactivity of all forms of PrP™* was reduced to < 13% of control (i.e., 13 + 1%, 8 + 3%,
and 8 £ 2% of control immunoblot intensity for HY BH, HY prep, and CWD BH, respectively).

The reproducibility of PrP™"

immunoblots was consistent with that of general protein
immunoblotting, in which errors associated with quantitative comparisons are often > 10%.”
The results described here for HY were obtained using monoclonal antibodies (mAbs) 3F4 and
SAF83 (SI), which bind to non-overlapping residues 109-112 and 126-164 respectively in
hamster PrP; immunoblots for CWD were probed with mAbs 8G8 and Bar224, which are
directed against residues 97-102 and 141-151, respectively, of deer PrP (epitopes are mapped
onto a molecular model for PrP™" in Figure S2).”* The results in Figure 1A (inset) indicate that
HSOs™ either induced alteration of at least two separate antibody epitopes in PrP (fragments)
from each species or fragmented the protein so extensively that the fragments were not retained

on the gel (i.e., fragment molecular mass < 10 kDa) or both. All epitopes probed contain easily

oxidizable amino acid residues (i.e., histidine (H), tryptophan (W), and tyrosine (Y), and
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methionine (M).” The cervid and hamster prion proteins both contain 42 easily oxidizable
residues spaced approximately evenly throughout the protein (Figure S3), leading to the
expectation of oxidation of residues throughout the protein. These results demonstrate that
peroxymonosulfate is able to degrade pathogenic prion protein from two different prion strains
(HY and CWD) and furthermore, that this degradation can occur even in the presence of a large
excess of other biomolecules (e.g., other proteins, nucleic acids, lipids, glycans in brain
homogenate).”*”®
We investigated the concentration-dependence of PrP™" degradation by

peroxymonosulfate by incubating PrP™>"

(10% CWD brain homogenate) with a range of
peroxymonosulfate concentrations for 30 min at a constant ratio of 125:3. Immunoblot band
intensity for CWD PrP"™" was significantly reduced at peroxymonosulfate concentrations > 25
mM (p < 0.0001) (Figure 1A). These data suggest that substantial PrP"™>" degradation (> 75%) is
achieved within 30 min at 25 mM peroxymonosulfate.

We then examined the kinetics of PrP™" degradation by peroxymonosulfate at two
concentrations. We added 15 pL 10% BH (CWD) to ultrapure water, or 25 or 125 mM
peroxymonosulfate for 1 to 60 min (Figure 1B). Immunoreactivity of CWD PrP™" was
diminished after 5 min incubation (p <0.01) with 125 mM peroxymonosulfate, and after 15 min
incubation, CWD PrP™* was substantially reduced, and in some replicates, no longer detectable.
Contact with 125 mM peroxymonosulfate for durations exceeding 1 min significantly reduced
immunoreactivity compared to controls (p <0.01). In contrast, contact with 25 mM
peroxymonosulfate did not result in significantly reduced band intensity until 15 min exposure (p

<0.01). At both peroxymonosulfate concentrations, CWD PrP™" immunoreactivity was

undetectable after 60 min exposure (Figure 1B, p <0.01).
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To gain further insight into the degradation of PrP™>" achieved by exposure to HSOs we
imaged protein aggregates from purified prion preparations’ by TEM (Methods in SI) after 10,
30, and 60 min and 24 h exposure to 50 mM peroxymonosulfate (Figure S4). The control
(unexposed) and samples exposed for 10 min exhibited definitive rod-like structures
characteristic of pathogenic prion protein fibrils. Samples exposed to HSOs for longer time
periods had fewer fibril-like structures; the 24 h exposure showed no discernable structures.
These data indicate that peroxymonosulfate extensively altered prion protein aggregates.

2.4.2 Peroxymonosulfate degrades recombinant prion protein in the
absence of transition metal catalysts. Peroxymonosulfate is a strong oxidant capable of
direct oxidation of primary amines, alkenes, azides, and sulfides in aqueous solution without
activation to form radical species.*”® The results presented above indicate that
peroxymonosulfate can degrade PrP™" in brain homogenate and in purified preparations without
addition by an exogenous transition metal (i.e., cobalt) to activate HSOs . Brain homogenate and

8283 that can activate

purified PrP™" preparations contain transition metals (e.g., iron, copper)
HSOs %% For example, ~2.4 pg Cu®" per mg PrP™>" has been estimated to be present in brain
tissue of sporadic Creutzfeldt-Jakob disease patients.*> The benign, normal form of the prion
protein, PrPC, associates with copper with a binding stoichiometry of approximately two copper
atoms per PrP molecule under physiologically relevant conditions;"” the binding stoichiometry of
PrP™* has not been worked out, however some replacement of copper by manganese and zinc
has been reported.**’

We sought to establish whether HSOs™ could transform prion protein in the absence of
transition metals that might activate peroxymonosulfate to produce radical species. To do this we

TSE

used a-mo-recPrP because available sources of PrP °" were expected to include transition
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metals. We incubated ~15 ng of a-mo-recPrP with 12.5 mM peroxymonosulfate in the absence
and presence of 300 uM cupric chloride (CuCl,) for 1 h, and quenched the reaction at the end of
the incubation period or pre-treated samples with 50 mM Na,S,03. Recombinant prion proteins
are typically purified using immobilized metal affinity chromatography, and His-tagged proteins
purified in this manner may contain transition metal contaminants.*® To exclude this possibility,
we used a-mo-recPrP not bearing a His-tag. Under the experimental conditions employed,
exposure to HSOs completely eliminated a-mo-recPrP immunoreactivity (Figure S5) indicating
that activation of peroxymonosulfate to form radical species was not prerequisite to degrade
prion protein. Exposure to peroxymonosulfate + CuCl, also eliminated o-mo-recPrP
immunoreactivity. Pre-treatment of samples with sodium thiosulfate prevented loss of a-mo-
recPrP immunoreactivity in treatments of peroxymonosulfate with and without CuCl, (S5).
These results indicate that peroxymonosulfate can directly oxidize prion protein without metal
activation.

2.4.3 Cobalt accelerates degradation of pathogenic prion protein exposed
to peroxymonosulfate. We next assessed whether activation of peroxymonosulfate by Co(II)
accelerates degradation of PrP™". We incubated 10% HY brain homogenate, purified HY
preparation or 10% CWD brain homogenate with 125 mM peroxymonosulfate and 3 mM CoCl,
for 60 min and found immunoreactivity to be diminished to 5 + 0.3%, 3 = 1%, and 2 + 1% of
control (identical to treatments except that HSOs™ was excluded), respectively (Figure 2A, inset).
Examination of the concentration-dependence of Co(Il)-activated peroxymonosulfate

transformation of PrP™>E

(10% CWD brain homogenate) revealed substantial decrease
immunoreactivity at 25 mM HSOs by 30 min exposure (Figure 2A); in contrast, substantial

degradation by peroxymonosulfate without added CoCl, was not observed at concentrations
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below 50 mM HSOs for this exposure period (Figure 1A). Exposure of PrP™" to 125 mM
HSOs™ in the absence or presence of CoCl, resulted in elimination of immunoreactivity by 15
min (Figure 1B and 2B). When PrP™" was exposed to 25 mM HSOs  in the presence of 600 uM
CoCl,, immunoblot band intensity was substantially reduced after 15 min (p = 0.0013) and
completely eliminated at longer exposure times (Figure 2B). In the absence of cobalt, equivalent
PrP™* degradation required longer exposure (1 h, Figure 1B). These data demonstrate that
addition of cobalt enhances the effectiveness of PrP™" degradation by peroxymonosulfate.

The experiments described above used a 125:3 molar ratio of HSOs™ to Co®". This ratio is
within ranges reported for optimal degradation of diesel-contaminated soil and 2,4-
dichlorophenol.’™* We investigated the effect of the HSOs -to-CoCl, ratio on degradation at
constant HSOs~ concentrations of 25 and 125 mM and found no difference (p > 0.05) in the
extent of degradation after 20 min for HSOs -to-CoCl, ratios between 10:1 and 100:1; after 1 h,
immunoreactivity was no longer detectable for these treatments (data not shown).

2.4.4 Formation of sulfate and hydroxyl radicals is not necessary for rapid
degradation of PrP™E, Activation of peroxymonosulfate by transition metals produces sulfate
and hydroxyl radicals. To assess whether the formation of either of these radical species was

TSE

required for the rapid transformation of PrP ", we employed ethanol and zert-butyl alcohol as

radical quenchers in exposures of PrP">"

to peroxymonosulfate with or without added CoCl,.
Ethanol reacts rapidly with hydroxyl and sulfate radicals (‘OH: k' = 1.2 to 2.8 x 10° M''s™;
SO4 : K = 1.6 to 7.7 x 10" M's™h),*:30608990 qyenching reactions with these radicals. (We note

that ethanol also quenches chloride radical (Cl-), £’ =1 x 10° M's™).”! In contrast, the second-

order rate constant for fert-butyl alcohol reaction with -OH (k' = 3.8 to 7.6 x 10°* M''s™") is three
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orders of magnitude larger than that for SO4~ (k' = 4.0 to 9.1 x 10° M"'s™),°**" allowing it to be
used to discriminate between the two radical species.*”"°

We exposed PrP™F (10% CWD brain homogenate) to 25 mM PMS + 600 uM CoCl, for
5 min, and either quenched at the end of the incubation period with Na,S,0s3 or pre-treated
samples with 17.1 M ethanol or 10.4 M fert-butyl alcohol (molar ratios of 684:1 and 416:1 for

ethanol- and rert-butyl alcohol-to-HSOs, respectively). Degradation of PrP™>"

proceeded with
sufficient rapidity to abolish detectable immunoreactivity within 5 min in the presence of the
alcohol quenchers (Figure S6). This result indicates that the formation of hydroxyl or sulfate (or

TSE

chloride) radicals is not requisite for rapid transformation of PrP >". The species responsible for

transformation of PrP™>E

may be HSOs  itself. Peroxymonosulfate is not quenched by ethanol
and has been shown to transform all common proteinogenic amino acids investigated (cysteine
not tested) with the largest pseudo-first-order rate constants for methionine, tryptophan, tyrosine
and histidine.”” A second possibility is peroxymonosulfate radical (SOs), a species formed from
the oxidation of peroxymonosulfate by either sulfate radical or hydroxyl radical.”” The second-
order rate constant for SOs ™ reaction with ethanol (k'gom 505 < 10° M'l-s'l) is small compared to
that of sulfate radical or hydroxyl radical (K'gion; > 10" M™"'s™, i = SO, or -OH),””*** making
ethanol an inefficient quencher of reactions with this radical.

Interestingly, for samples exposed to peroxymonosulfate alone, pre-exposure of PrP™>" to
ethanol or tert-butyl alcohol appeared to enhance degradation (compare lanes 9 and 12 with lane
3 in Figure S6). This result may be attributable to partial denaturation of the protein by the

alcohol, allowing HSOs™ access to more of the structure. Ethanol can induce (partial) unfolding

of proteins in a concentration-dependent manner.”” Increased branching of the hydrocarbon
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portion of alcohols generally reduces their effectiveness in denaturing proteins making tert-butyl

alcohol a less effective denaturant than ethanol.”

2.4.5 Effect of peroxymonosufate on the in vitro converting ability of PrPTsE,

The biochemical data presented thus far demonstrate that exposure to peroxymonosulfate in the

TSE The detection method

absence or presence of Co" effects substantial degradation of PrP
employed (immunoblotting) has two limitations that are important for assessing the effectiveness
of HSOs™ for inactivating prions: (1) immunoblotting has detection limit (~4 ng PrP) that is

TSE

orders of magnitude higher than the amount of PrP °" required to initiate disease (for mice,

725,000 times less sensitive than intracerebral inoculation);”* and (2) declines in

69,95-97

immunoreactivity do not always parallel reductions in prion infectivity. Protein misfolding

TSE . . .
SE to induce conformational conversion of PrP¢ to

cyclic amplification exploits the ability of PrP
misfolded, protease K-resistant forms of the protein and has emerged as a sensitive technique for
detecting low levels of pathogenic prion protein (detection limit of 1 x 10™'* dilution of 10% BH
from hamsters infected with the 263K strain of hamster-adapted scrapie; estimated to be
equivalent of 1.3 ag PrP™", or approximately 26 molecules).”*”® Here we use a form of PMCA
adapted to a microplate format and including Teflon beads (mbPMCA) to measure the in vitro
converting ability of prions as a proxy for infectivity and to sensitively detect PrP™",

We exposed PrP™F (15 uL PK-treated 10% CWD BH) to 125 mM HSOs with and
without 3 mM CoCl, for 1 h. Samples were either quenched at the end of the exposure or pre-
treated with 0.5 M Na;S;0;. A 4 pL aliquot of the reaction mixture was then added to 36 pL
NBH and subjected to two rounds of 96 cycles of mbPMCA. Immunoreactivity was not detected

at any dilution examined in samples that had been exposed to HSOs regardless of whether Co**

had been added to the sample (Figure 3). Pre-treatment with thiosulfate allowed detection of
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PrP™" immunoreactivity for dilutions of CWD-positive deer BH to the 107 dilution. These
results indicate that 1-h treatment with 125 mM peroxymonosulfate + 3 mM CoCl, decreased the
PrPC-to-PrP">F converting ability of PrP™" by a factor of at least 10>°. This factor was arrived at
by considering that the lowest (107%) and highest dilutions (107) at which untreated controls
could be amplified and treated samples could not.

2.4.6 Modifications to PrP™F induced by exposure to peroxymonosulfate.
The immunoblotting results presented above demonstrate that peroxymonosulfate in the absence
or presence of added CoCl, is capable of degrading pathogenic prion protein. To gain insight into
modifications to pathogenic prion protein induced by exposure to peroxymonosulfate + CoCly,
we analyzed PrP™" following such treatment by LC-MS/MS. We incubated PrP™" (PK-treated
purified HY preparation) with 9.6 mM HSOs in the absence and presence of 230 uM CoCl, for
15 or 60 min. Samples were either quenched at the end of each time point or pre-treated with 0.5
M sodium thiosulfate.

Exposure to peroxymonosulfate in the absence and presence of CoCl, resulted in
oxidative modifications to tryptophan and methionine residues. Reproducible tryptophan
hydroxylation was observed on chymotryptic peptide fragments containing W>°
(GNDW(0)EDRY) and W' (GQGGGTHNQW(0)), where (o) indicates oxidative modification.
In Figure 4, we show the intensity ratios of these peptide fragments with and without modified
tryptophan residues for samples exposed to HSOs™ for 15 min. Substantially higher levels of
oxidized tryptophan residues were present at both locations in samples containing unquenched
peroxymonosulfate, consistent with a previous report of oxidative modification of free
tryptophan.”> The location of these residues are displayed on the molecular model of PrP™"

(Figure S2).
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Reproducible methionine modifications were detected near the C-terminus of the protein
on tryptic (+ endoprotease Lys-C) peptides containing M''” (GENFTETDIKIM(sulfone)ER) and
M'** (VVEQM(sulfone) CTTQYQK) (Figure 4C, and D; mapped onto the molecular model of
PrP™", Figure S2). The modified methionine residues were absent in samples not exposed to
peroxymonosulfate or pre-treated with sodium thiosulfate. Following incubation with
peroxymonosulfate in the absence of cobalt, the methionine sulfone-containing peptides were
detected at similar intensities after both 15- and 60-min exposures. The same modification, but at
substantially lower intensities was observed in 15- and 60-min reactions with peroxymonosulfate
+ CoCl; (data not shown). This result may reflect a true reduction in intensity of the sulfone
modification, or enhanced protein degradation by peroxymonosulfate + CoCl; leading to reduced
production of these particular peptide fragments, consistent with individual methionine amino
acid modifications seen previously.”” Similar results were seen by Requena et al.’® wherein
hydrogen peroxide exposure led to the oxidation of methionine residues 109, 112, 129, and 134
in recombinant PrP (SHa, 29-231).

2.4.7 Environmental Implications. Prions are remarkably resistant to inactivation,®
and their persistence in the environment creates a need to develop effective in sifu remediation
methods for prion-contaminated lands. We have demonstrated that peroxymonosulfate can
rapidly degrade and inactivate pathogenic prion protein. We further showed that Co(Il)-catalyzed
decomposition of HSOs™ to SO, accelerated prion degradation. The extent of prion inactivation
suggested by the reduction of template-directed misfolding ability as measured by mbPMCA (>
5.9 log;o reduction for 1-h exposure to 125 mM HSOs = 3 mM CoCl,) compares favorably with
that for other oxidants that have been tested for their ability to inactivate prions (Table 1).

Peroxymonosulfate possesses advantages over some of the other oxidants listed in Table 1 for in



50
situ chemical oxidation. Peroxymonosulfate does not require low pH as does Fenton’s reagent
for optimal hydroxyl radical production” or the addition of toxic metals as does Cu”'-catalyzed

100

decomposition of H>O, to produce -OH.™ Reductions of infectivity of >6 log have been

achieved via exposure to the Fenton reagent, but at elevated temperature (50 °C for 22 h).*
Heterogeneous photocatalytically produced -OH have been shown to reduce prion infecitivty,'""
but the utility of such methods for in situ chemical oxidation is limited because the photic zone

102,103

in soils is on the order of 0.5 mm. While ozone has been demonstrated to inactivate

31433
prions,

its use to inactivate prions in soil is complicated by the gaseous nature of the oxidant.
In some soil environments, the deposition of SO4*~ may represent a concern for the application of
peroxymonosulfate for in situ chemical oxidation.

Oxidative modifications to proteins can make them more susceptible to proteolytic
degradation.'™ This suggests that if peroxymonosulfate effected only partial PrP">" degradation
in the environment, the resulting oxidative modifications may render it susceptible to in situ
degradation by native or added proteases. Our results strongly suggest that peroxymonosulfate,
even without activation to radical species via transition metal activation, high temperatures or
UV exposure, holds promise for in situ remediation of prion-contaminated land surfaces. Future
research directed at the efficacy of peroxymonosulfate in degrading pathogenic prion protein and

inactivating prions associated with soil constituents is warranted. We also note that

peroxymonosulfate may prove useful in decontaminating medical instruments.
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2.7 TABLES

Table 1. Inactivation of prions by chemical oxidants

Contact Reduction in

Oxidant Concentration Time Infectivity Ref.
(mM) )
(min) logio
HOCI 19° 30 4.4 36
05 0.3 (pH 4.4, 4 °C) 5 >4.1 33
Fenton(-like) reagent (-OH) [H,0,] = 100, [Cu*']=0.5 30 >5.2 100
[H,0,] = 2131, [Fe*'] = 15.8 (50 °C) 1320 >6 39
Heterogeneous photocatalysis ((OH) [H,O,] = 118, [TiO5]s = 50 720 ND 101
HSOs~ 125 60 >5.9° this study
H,0, 1279 1,24 0.84 36
permanganate 253-506 15, 60 1,2-2.3 33
6.3 15,60,  0.51,1.17,0.84 36
1440
8-MnOs(s) 102 (pH 4) 960 >4° 35,105

® ND, not determined. ° Attributing all free residual chlorine to HOCI. ¢ Based on reduction of template-directed
conversion ability as measured by PMCA.

09
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2.8 Figures
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Figure 1. Peroxymonosulfate degrades pathogenic prion protein in the absence of
transition metal cations. (A) CWD BH (10% wt/vol) was incubated with between 0 and 150

TSE

mM peroxymonosulfate for 30 min. Substantial degradation of PrP">" was seen at 50 mM.

(Inset) Peroxymonosulfate substantially degrades CWD and HY prions (PrP™" (10% HY BH
(15 pL), purified HY preparation (0.5 pg) or 10% CWD BH (15 pL) was incubated with 125
mM peroxymonosulfate for 1 h. (B) Immunoblot detection of PrP™" was substantially reduced
after 5 min when exposed to 125 mM peroxymonosulfate, and after 15-30 min when exposed to

TSE

25 mM peroxymonosulfate. All immunoblot detection was eliminated when PrP >~ was exposed

to both concentrations after 1-h incubation. PrP™ (15 uL 10% CWD BH) was incubated with
between 0 and up to 150 mM for 30 min. Immunoblot densitometry values normalized to PrP™>"
in ultrapure water (n = 4). Error bars represent standard deviations of experimental triplicates.
Immunoblots were probed with mAb 3F4 (HY) or mAb 8G8/Bar224 (CWD). Error bars

represent one standard deviation.
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Figure 2. Activation of HSOs™ by CoCl, enhances degradation of PrP™E, (A) CWD
BH (10% wt/vol) was incubated with between 0 and 150 mM peroxymonosulfate in the presence
of CoCl; (125:3 molar ratio) for 30 min. Substantial degradation of PrP™F was seen at 25 mM.
(Inset) Peroxymonosulfate activated by CoCl, substantially degrades CWD and HY prions.
PrP™* (10% HY BH (15 pL), purified HY preparation (0.5 pg) or 10% CWD BH (15 uL) was
incubated with 125 mM peroxymonosulfate for 1 h. (B) Immunoblot detection of PrP™" was
substantially reduced after 5 min when exposed to 125 mM peroxymonosulfate with 3 mM
CoCl,, and after 15 min when exposed to 25 mM peroxymonosulfate with 600 mM CoCl,. All

TSE

immunoblot detection was eliminated when PrP >~ was exposed to both concentrations after 30

min incubation. Error bars represent standard deviations of experimental triplicates.
Immunoblots were probed with mAb 3F4 (HY) or mAb 8G8/Bar224 (CWD). Immunoblot

TSE

densitometry values normalized to PrP °" in ultrapure water (n = 4). Error bars represent one

standard deviation.
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Figure 3. Treatment with peroxymonosulfate = CoCl; reduces the in vitro PrP®-to-
PrP"™E converting ability of CWD agent by a factor of at least 10°>°. PrP"™* (15 uL PK-
treated 10% CWD BH) was incubated with 125 mM peroxymonosulfate with or without 3 mM
CoCl, for 1 h. Samples were either quenched at the end of the experimental time point or pre-
treated with 0.3 M Na,S,0;. A 4 pL aliquot of resulting sample was added to 36 uLL. NBH and
subjected to two rounds of 96 cycles of PMCAD. (A) PrP™" immunoreactivity is present in a 10~
¥ dilution from 10% brain homogenate from a white-tailed deer clinically affected by chronic
wasting disease when peroxymonosulfate and CoCl, is pre-treated with thiosulfate, but not
detected at any dilution (up to 10>, B) examined when exposed to peroxymonosulfate + CoCl,
or peroxymonosulfate alone. Values above lanes indicate dilution from CWD brain homogenate.

Immunoblots were probed with mAbs 8G8 and Bar224. Blot is representative of three replicates.
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Figure 4. Exposure of pathogenic prion protein to peroxymonosulfate results in
oxidative modification to tryptophan and methionine residues. PrP™" (proteinase K-
treated purified HY preparation) was incubated with ultrapure water or 9.6 mM
peroxymonosulfate for 15 min. After quenching with 0.5 M Na,S,0;, samples were digested
with chymotrypsin (panels a and b) or trypsin + endoprotease Lys-C (panels ¢ and d) and
analyzed by LC-MS/MS. Hydroxytryptophan (W56, a; W0, b) and methionine sulfone (Mm, c;
M'*, d) were detected in samples treated with peroxymonosulfate that were not pre-quenched

with 0.5 M Na,S,0s. Bars indicate replicates of precursor ions.
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2.9 APPENDIX
Supporting Information for Chapter 2
Peroxymonosulfate Rapidly Inactivates the Disease-associated Prion Protein*

*A version of this chapter will be submitted to Environmental Science & Technology with
Booth, C.J., Lietz, C.B., Li, L., and Pedersen, J.A. as co-authors.

Table of Contents

Page
2.9.1 Materials 66
2.9.2 Methods for Transmission Electron Microscopy 66
2.9.3 Methods for LC-MS/MS 67
2.9.4 Figures 70
S1. Sodium thiosulfate does not inhibit detection of PrP by immunoblotting. 70
S2. Antibody epitopes and residues determined to be oxidized by 71
peroxymonosulfate.
S3. Antibody epitopes and residues easily oxidized and determined to be 72
oxidized by peroxymonosulfate.
S4. Transmission electron micrographs of purified prion protein exposed to 73
50 mM peroxymonosulfate for the indicated time period.
S5. Peroxymonosulfate degrades recombinant mouse PrP in the a-helix-rich 74

conformation (a-mo-recPrP) without activation to the sulfate radical.
S6. Ethanol and fert-butyl alcohol do not quench inactivation of CWD prions by 75
peroxymonosulfate (£ CoCl,).

2.9.5 References 76



66

2.9.1. Materials
We purchased proteinase K (PK) (from Tritirachium album, 30 units-mgpmtein'l) and
phenylmethanesulfonyl fluoride (PMSF) (>98.5%) from Sigma-Aldrich. We obtained
peroxymonosulfate as a potassium triple salt (2KHSOs-KHSO,-K,S04, Oxone®, 95%) and
potassium dihydrogen phosphate (>98%) from Alfa Aesar. Cobalt(Il) chloride hexahydrate
(>98%) was procured from MP Biomedicals. Cobalt(Il) nitrate hexahydrate (99+%) and
cobalt(Il) sulfate heptahydrate (99+%) were from Acrds Organics. Copper(Il) chloride dihydrate,
sodium thiosulfate pentahydrate (99%), methanol (>99.9%), sodium hydroxide (>97%), sulfuric
acid (95-98%), sodium chloride (>99.9%), sodium phosphate dibasic anhydrous (>99%), and
Tris base (>99.9%) were acquired from Fisher. Ethyl alcohol (99.9%) was from Decon
Laboratories, Inc., and tert-butyl alcohol (99%) was purchased from TCI. These chemicals were

used without further purification. All solutions were prepared in ultrapure water (18.2 M Q -cm

resistivity, Barnstead GenPure Pro) unless otherwise specified.

2.9.2 Methods for Transmission Electron Microscopy (TEM)

Purified HY PrP™" preparations were suspended to a concentration of 400 (£ 27) pgrmL"
in ultrapure water, as measured by BCA assay. Prions were exposed to 50 mM
peroxymonosulfate for 10, 30, 60 min or 24 h, quenched with 1 M Na,S,03, coated on to carbon
grids, negatively stained with methylamine tungstate, and dried. Representative transmission
electron micrographs of purified HY prion protein with the N-terminal truncated by treatment

with PK were collected using a Philips CM120 (Amsterdam, Netherlands) operating at 80 keV.
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2.9.3 Methods for LC-MS/MS

Preparation of proteolytic peptides for LC-MS/MS analysis. To prepare samples for LC-
MS/MS analysis, we exposed ~2.4 pg of HY PrP™" (PK-treated purified preparation) with 9.6
mM peroxymonosulfate in the absence or presence of 230 pM CoCl, for 15 or 60 min. At the
end of the exposure, samples were quenched with an equal volume of 0.5 M sodium thiosulfate,
and the total sample volume (~26 pL) was dried down using a SpeedVac™ (Thermo Scientific).
To achieve high sequence coverage in LC-MS/MS analysis, samples were digested with multiple
proteases: samples were digested by a combination of endoprotease Lys-C and trypsin (which
cleaves C-terminal to lysine and arginine), or by chymotrypsin (which cleaves C-terminal to
tryptophan, tyrosine, phenylalanine, and leucine). Dry pellets were resuspended in 20 pL of § M
urea (in 50 mM Tris-HCl, pH 8) and sonicated for 30 s. To reduce cysteine residues,
dithiothretiol (DTT) (Promega) (prepared in 50 mM Tris-HCI, pH 8) was added to samples to a
final concentration of 5 mM and incubated (room temperature, 1 h). To alkylate cysteine
residues, iodoacetamide (Fisher) prepared in 50 mM Tris-HCI, pH 8 was then added to a final
concentration of 15 mM and incubated (room temperature, 30 min) in the dark. A volume of
DTT solution equal to the initial DTT aliquot was then added to quench alkylation. Samples
were diluted with 50 mM Tris-HCI until the urea concentration was < 6 M or < 1 M for Lys-
C/tryptic digestions or chymotryptic digestions, respectively. For Lys-C/trypsin, the pre-mixed
enzymes (sequencing grade, Promega) were added at an enzyme:protein ratio of 1:25 (w/w), and
the sample was incubated (room temperature, 3 h). Samples were diluted again with 50 mM Tris-
HCI until the urea concentration < 1 M and incubated (30 °C, 17 h). For chymotryptic digestions,

chymotrypsin (sequencing grade, Promega) was added at an enzyme:protein ratio of 1:50 (w/w)
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and incubated (room temperature, 17 h). Digestions were halted with trifluoroacetic acid
(Fisher), and samples were stored at —80 °C until further use.

Liquid chromatography-tandem mass spectrometry. The nanoAcquity UPLC (Waters
Corp.) liquid-chromatography column was self-packed with an integrated nano-electrospray
ionization (nESI) emitter. Fused silica (360 pm OD, 75 pm ID) was pulled with a laser puller,
and the emitter was etched with hydrofluoric acid. The packing material was reversed-phased
bridged ethylene hybrid C18 beads (diameter: 1.7 uM, pore size: 130 A; Waters Corp.) packed to
~15 cm in length. After sample loading (~3.0 to 3.5 pL), reversed phase solvents (A: 5% DMSO,
0.1% formic acid in LCMS-grade water; B: 5% DMSO, 0.1% formic acid in LCMS-grade
acetonitrile) were ramped according to the following gradient: 0.0 min, 100% A; 0.1 min, 95%
A; 80.0 min, 70% A; 80.5 min, 25% A; 90.0 min, 25% A; 90.5 min, 5% A; 100.0 min, 5% A;
100.5 min, 100% A; 115.0 min, 100% A. The flow rate was ~0.325 pL-min'l. Upon elution from
the column, sample was electrosprayed into the nESI source of an Orbitrap Elite mass
spectrometer (Thermo Fisher). Mass resolution was run at 30,000 (at a mass-to-charge ratio (m/z)
400), and mass accuracies were typically 2-5 ppm. MS/MS fragmentation was performed by
higher energy collisional dissociation (HCD), and the resulting fragments were analyzed at high
resolution (30,000). Experiments were performed with a semi-targeted, data-dependent method.
A list of theoretical m/z charge ratios for doubly, triply, and quadruply protonated tryptic or
chymotryptic PrP fragments (allowing up to two miscleavages) was constructed. The instrument
searched for match between the m/z of eluted peptide ions and known PrP fragments from the
list, and the ten most abundant multiply charged ions were chosen for fragmentation. If ten from
the list could not be found, the most abundant multiply charged ions present filled the void. The

selected ions were isolated and fragmented individually, and each fragmentation spectrum was
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recorded. Samples were prepared in two technical replicates and analyzed in duplicate by LC-
MS/MS.

Data analysis. Resulting peptide fragment spectra were searched against a target-decoy
database using the open mass spectrometry search algorithm (OMSSA) on the COMPASS v1.4
software suite.! The database was constructed from the UniProt genome-predicted protein
database for Mescocricetus auratus and digested by trypsin or chymotrypsin in silico. Database
search criteria included the following: 20 ppm precursor mass tolerance, 0.01 Th fragment mass
tolerance, trypsin or chymotrypsin enzyme, two missed cleavage maximum, and
carbamidomethyl cysteine static modifications. Methionine sulfoxide, methionine sulfone, and
tryptophan oxidations were included as variable modifications. Fragmentation spectra matching
PrP peptides were validated by manual de novo sequencing. Relative quantitation was performed
using the height of the extracted ion chromatogram (XIC) peaks. The XIC was constructed by

plotting the intensity of experimental PrP peptide m/z (+ 2.5 ppm) against retention time.



70

2.9.4 Figures
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Figure S1. Sodium thiosulfate does not inhibit detection of PrP by
immunoblotting. PrP™" (15 pL proteinase K-treated 10% brain homogenate from a white-
tailed deer clinically positive for chronic wasting disease) was incubated with water or 0.05-1 M
of Na,S,0; for 1 h. Detection of immunoreactivity by immunoblotting was not inhibited by

NayS,0; at any tested concentration. Immunoblot is representative of three replicates and was

probed with Bar224 and 8GS.
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Figure S2. Antibody epitopes and residues determined to be oxidized by

TSE with colors indicating

peroxymonosulfate. The proposed 3D structure of the mouse PrP
the Bar224 (red) and 8G8 (orange) antibody epitopes (white-tailed deer PrP) and the oxidized
residues (teal: tryptophan residues; blue: methionine residues) identified by LC-MS/MS.” PDB

file kindly provided by Holger Wille.
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Figure S3. Antibody epitopes and residues easily oxidized and determined to
be oxidized by peroxymonosulfate. (A) The amino acid sequence for white-tailed deer
(Odocoileus hemionus; residues 1-254) where one underline designates the epitope region for
mAb 8G8 and double underline designates the epitope region for mAb Bar224. (B) The amino
acid sequence for golden hamster (Mesocricetus auratus; residues 1-254) where one underline
designates the epitope region for mAb 3F4 and double underline designates the epitope region
for mAb SAFS83. (A and B) Red letters represent easily oxidizable residues (methionine (M),
tyrosine (Y), tryptophan (W), and histidine(H)). Sequences courtesy of NCBI, accession

number AF0091&81.2 and B34759.
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Figure S4. Transmission electron micrographs of purified prion protein exposed
to 50 mM peroxymonosulfate for the indicated time period. Representative
transmission electron micrographs of PrP*’>°. Black bars are 200 nm. Purified preparations were
suspended to a concentration of 400 pg'mL™" + 27 pg'mL" in ultrapure water, exposed to 50 mM
peroxymonosulfate for 10, 30, 60 min or 24 h, quenched with 1 M Na,S,0s3, coated onto carbon
grids, negatively stained with methylamine tungstate, and dried. Images were collected using a

Philips CM 120 (Amsterdam, The Netherlands) operating at 80 keV.
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Figure S5. Peroxymonosulfate degrades recombinant mouse PrP in the a-helix-
rich conformation (a-mo-recPrP) without activation to the sulfate radical. Murine
recombinant PrP (15 ng, no His-tag) in the a-helix-rich conformation was incubated with 25 mM
HSOs ™ in the absence and presence of 375 uM CuCl,. Peroxymonosulfate solution was buffered
to pH 7 with 100 mM sodium phosphate. Lanes 3 and 5 represent samples that were pre-treated

with 50 mM Na,S,0s. Immunoblot was probed with mAbs 8G8 and Bar224.



75

Na:$,05 tBA EtOH

S HSOs HSOs  HSOs HSOs HSOs HSO5 HSOs HSOs 2 z
c c

S cocl, CoCl, CoCl, CoCl, S =

38 kDa

28 kDa

17 kDa

mAbs Bar224 and 8G8

Figure S6 Ethanol and tert-butyl alcohol do not quench inactivation of CWD
prions by peroxymonosulfate (* CoCl,). Peroxymonosulfate (25 mM) was pre-treated
with ultrapure water, sodium thiosulfate (1 M), pure ethanol (EtOH; 17.1 M), or pure fert-butyl
alcohol (tBA; 10.4 M) for 1 h prior to exposing 10% CWD brain homogenate (20 pL) for 5 min.
Reactions were halted with addition of 1 M sodium thiosulfate. Immunoblot is representative of

three replicates. Immunoblots probed with mAbs Bar224 and 8G8.
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Chapter 3

Degradation of pathogenic prion protein from soil microparticles by
peroxymonosulfate*

*A version of this chapter will be submitted to Environmental Science & Technology with
Epstein, G, Millevolte, R, and Pedersen, J.A. as co-authors.
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3.1 ABSTRACT.

Environmental routes of transmission are implicated in epizootics of prion diseases of
sheep (scrapie) and deer, elk, and moose (chronic wasting disease). Strong evidence suggests that
soil may serve as an environmental reservoir for prions, the etiological agent of scrapie and
chronic wasting disease. Prions can persist in soil for years, as they are remarkably resistant to
inactivation, which is particularly relevant in environmental settings. We previously showed that
exposure to peroxymonosulfate (HSOs'), alone and in the presence of cobalt, degrades
pathogenic prions and substantially diminishes in vitro converting ability, as measured by protein
misfolding cyclic amplification. Due to the high affinity of prions for many soil particle surfaces
and the presence of iron (oxy)hdyroxides and other compounds in soils that could potentially
activate HSOs to radical species, the ability of HSOs™ to inactivate prions in a soil environment
needs to be considered. Here, we investigate the ability of HSOs to degrade the disease-

associated, misfolded form of the prion protein, PrP™"

, adsorbed to soil mineral particles
(phyllosilicate clays, silica, and iron (oxy)hydroxides) as a function of HSOs concentration,
solution pH, and temperature. We also investigated the potential for the iron (oxy)hydroxides
goethite and ferrihydrite to activate HSOs to form radical species. Recovery of pathogenic prion
protein from microparticles declined following 30- and 60-min exposure to HSOs", indicating
degradation of prions occurs regardless of interaction with clay or iron (oxy)hydroxides

microparticles. Our results suggest that despite PrP'™>"

adsorption to purified soil particles,
exposure to HSOs degrades PrP™" at environmentally relevant pH and temperatures.

Furthermore, we anticipate HSOs to be a useful tool in the environmental remediation of

chronic wasting disease prions, and by extension, potentially other prion diseases.
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3.2 INTRODUCTION

Transmissible spongiform encephalopathies (TSEs, prion diseases) are a class of fatal
neurodegenerative diseases that include bovine spongiform encephalopathy, scrapie of sheep and
goats, chronic wasting disease (CWD) of deer, elk and moose, transmissible mink
encephalopathy (TME) of farmed mink, and Creutzfeldt-Jakob disease in humans.'? The central
molecular event in TSE pathogenesis is the conversion of the normal, benign cellular prion
protein, PrP®, into an abnormally folded conformation associated with disease, designated
PrP™E.!? Available evidence indicates that prions, the etiological agents of TSEs, are composed
mostly, if not solely, of PrP™F *

Scrapie and CWD are unique among TSEs in that environmental routes of transmission
appear to sustain TSE epizootics.” Evidence for environmental transmission of scrapie and CWD
includes observations that healthy animals contract TSEs following habitation in areas once
holding infected animals or carcasses of diseased animals.®” Soil has been widely proposed as a

5,7, 9-11

potential reservoir of TSE infectivity in the environment. Prions enter the environment

and, consequently, the soil when shed or excreted from infected animals in feces, urine, and

61215 The mobility of prions in soils is limited” * '° and the bulk of infectivity is expected

saliva.
to be maintained near soil surfaces, suggesting the presence of soil “hot spots” of prion
infectivity. Multiple studies have assessed the persistence of prion infectivity in soil for several
years,”’ and prion infectivity can persist in some environments for at least 16 years.®

Proteins in soil bind to charged surfaces of clay constituents,'” and the affinity of prions
to attach to soil microparticles, especially aluminosilicate clay microparticles is well

established.'®** Attachment of prions to microparticles of montmorillonite, an aluminosilicate

clay, enhances oral transmission by a factor of ~680 relative to free prions in Syrian hamsters.”
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We have previously shown that binding to montmorillonite particles alters in vivo tissue tropism
of CWD agent and enhances PrP™" accumulation in orally inoculated white-tailed deer

TSE

compared with animals given unbound PrP >" (Chesney et al. PLoS Pathog., in reveiw).

There is profound change in stability associated with the biophysical structure of the

SE conformation compared to PrP€, making prions remarkably resistant to

disease-associated PrP
sterilization methods used to inactivate conventional pathogens (e.g., viruses, bacteria,
protozoans) including exposure to UV and ionizing radiation, or chemical disinfectants, and heat
treatments.”* Effective prion infectivity inactivation methods include autoclaving in 1 N NaOH
at 121 °C, >1 h exposure to 1 N NaOH or 2% sodium hypochlorite, or incineration.> The
resistance of prions to inactivation methods is consistent with its stability in the environment and
the maintenance of infectivity. These inactivation methods are impractical for application in
prion-contaminated environments.

Investigations of prion degradation using chemical oxidation has involved the use of in
situ chemical oxidation techniques such as ozone,”” ** hydroxyl radicals produced by the Fenton

3% and hydroxyl radicals formed via supra-bandgap irradiation of TiO,.”> However,

reagent,
most of the oxidants that have previously been investigated are either insufficiently effective
against prions (e.g., H,O) or have requirements that may limit their utility for application to
soils (e.g., the gaseous nature of O3, low pH needed for optimal application of Fenton reagent).
We have previously shown that HSOs (both alone and activated to a radical species by a
transition metal) can inactivate PrP">" from two species (CWD and HY, a hamster-adapted form

of TME). Prions adsorbed to metal surfaces have been shown to be significantly more resistant to

inactivation compared to prions in brain homogenate (BH),”* and an enhancement in

TSE 23,35

transmission occurs when PrP >~ is bound to certain soil and dietary mineral microparticles.
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TSE

Thus, to investigate the ability of HSOs to inactivate PrP adsorbed to soil mineral

microparticles, purified clay, silicon dioxide, and iron (oxy)hydroxide particles were used as a

first step to assess the potential for its environmental application. The use of oxidation methods

for prion decontamination in environmentally relevant conditions, including circumneutral pH,
TSE -

ambient temperature, and when the PrP >~ is bound to soil constituents has not previously been

examined. We previously showed that cobalt, a transition metal that activates HSOs™ to radical

36, 37 TSE

species, enhances degradation of PrP °".(article in review) However, transition metal

activation is not required for PrP™"

inactivation and, due to introduction of a potentially toxic
metal (e.g. cobalt) in the environment, is not desirable and therefore not used in this work.
The objective of this study was to ascertain the ability of HSOs to degrade CWD PrP™"

attached to mineral microparticles. The inactivation of PrP™"

attached to soil microparticles by
HSOs  was assessed by exposing phyllosilicate clay minerals, SiO2, iron (oxy)hydroxides
microparticle-bound CWD prions to HSOs, quenching the oxidation reaction with up to 1 M
sodium thiosulfate, and extracting the prions to determinine the extent of degradation. The ability
of proteins to bind to soil constituents is influenced by pH, cation exchange capacity of minerals,

38-40

and temperature. We investigated the reduction in immunoblot signal of prions as a function

of microparticle mineralogy, HSOs ™ concentration, solution pH, and temperature.

3.3 EXPERIMENTAL

3.3.1 Materials. Proteinase K (PK) from Tritirachium album, 30 units-mgprotein'l) and
phenylmethanesulfonyl fluoride (PMSF) (>98.5%) was purchased from Sigma-Aldrich.
Peroxyonosulfate was obtained as a triple salt (2KHSOs-KHSO4K,SOy, Oxone®, 95%,

manufactured by DuPont). Potassium dihydrogen phosphate (>98%) was obtained from Alfa
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Aesar. Sodium hydroxide (>97%), sulfuric acid (95-98%), sodium chloride (>99.9%), sodium
phosphate dibasic anhydrous (>99%), and Tris base (>99.9%) were acquired from Fisher. These
chemicals were used without further purification. All solutions were prepared in ultrapure water
(18.2 MQ-cm resistivity, Barnstead GenPure Pro) unless otherwise specified.

3.3.2 Prion protein sources. The CWD agent was obtained from brain tissue of an
experimentally inoculated white-tailed deer.*' Brain homogenate (BH) was prepared by adding
brain tissue to a final concentration of 10% (w/v) in 1x Dulbecco’s phosphate buffered saline
(DPBS) without Ca*" or Mg*" (137 mM NaCl, 8.1 mM HPO,*, 1.47 mM H,PO,4; pH 7),
homogenized in a Dounce homogenizer and stored at —80 °C until use. Brain homogenates were
treated with proteinase-K (PK), a serine protease that digests PrP® and cleaves the N-terminus of
PrP™". The PK-treated PrP™>" contains PrP antibody-specific epitopes and maintains infectivity
equivalent to untreated PrP™"* In addition to removing PrP®, PK treatment reduces the
complexity of the BH matrix, towards what we would expect in decomposed tissues. Proteinase
K-treated brain homogenates were prepared by incubating homogenized tissue with 50 pg-mL™
PK for 1 h at 37 °C. Proteinase K activity was inhibited by adding PefaBloc SC (Roche Applied
Science, Germany) to a final concentration of 1 mM, and complete protease inhibitor EDTA-free
(Roche Applied Science, Germany) was added to the PK-treated brain homogenates (BH) at 5%
the manufacturer’s recommended concentration.

3.3.3 Preparation of mineral particles. The montmorillonite (SWy-2) and kaolinite
(KGa-1) particles were chosen due to previous demonstration that prion disease transmission in
Syrian hamsters was enhanced when the disease agent was adsorbed to these particles. We chose
additional smectite clay minerals to represent a wide range of cation exchange capacities (CEC)

and surface area, provided in Table S2. Two kaolinites were chosen as KGa-1 is low-defect and
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well crystalized, whereas KGa-2 is high defect and less crystallized. Both kaolinites have similar
CEC (KGa-1 has a CEC of 20 umol/g and KGa-2 has a CEC of 33 pmol,/g), however the
surface area of KGa-2 is more than double KGa-1.

Montmorillonite (SWy-2, Crook County, Wyoming, USA; SAz-1, Apache County,
Arizona, USA), kaolinite (KGa-1, Washington County, Georgia, USA; KGa-2, Warren County,
Georgia, USA), hectorite (SHCa-1, San Bernardino County, California, USA) were purchased
from the Clay Minerals Society Source Clays Repository (West Lafayette, Indiana, United
States), and were size-fractionated by wet sedimentation (hydrodynamic diameter, d, = 0.5-2
um) and saturated with sodium as previously described,” freeze-dried, ground and stored at
room temperature until use. Properties and x-ray diffraction analysis of the microparticles are
provided in Table S2. Quartz sand (Iota-6, Unimen Corporation, New Canaan, CT) was size
fractionated by wet sedimentation/flotation to obtain the 0.18-0.25 mm particle size fraction,
soaked in 12 N HCI for 24 h to remove impurities, rinsed with distilled deionized water, freeze
dried, and stored at room temperature until use.*

Ferrihydrite and goethite were prepared by the lab of Matt Ginder Vogel at the University
of Wisconsin — Madison. Goethite was synthesized by adding 110 mL of 1 M NaHCO; to an
anoxic 1 L solution of 0.036 M ferrous sulfate. The mixture was purged with air at a flow rate of
30-40 mL'min™ for 48 h. Two-line ferrihydrite was synthesized by rapid titration of a 0.29 M
ferric chloride solution with NaOH to pH 7.0. The Fe (hydr)oxides were washed three times with
ultrapure water by centrifugation and freeze dried. Quartz sand, montmorillonite, kaolinite,
hectorite, ferrihydrite, and goethite were sterilized by autoclaving at 121 °C for 30 min.

The phyllosilicate clay minerals used have been extensively characterized previously.***°

The chemical composition of the microparticles are shown in Table S1. A clay slurry for X-ray
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diffraction was prepared by making a 0.01 % w/ v suspension of the prepared microparticles of
each smectite (SWy-2, SAz-1, and SHCa-1) in 10 mM NaCl. Samples were vortexed and
centrifuged (10 min, 16,000g). The bulk of the supernatant was removed and the layer just above
the pellet was layered on silica wafers and allowed to dry overnight (12-18 h). The basal doo:
spacings of the near homoionic smectites (Na'-SWy-2, Na'-SAz-1, and Na'-SHCa-1) were
determined by X-ray diffraction on a Scintag PAD V diffractometer (Cupertino, California, US)
using CuKa with a step size of 0.02° and a dwell time of 2s (Table S2 and Figure S1).

3.3.4 Recovery of attached PrP™F from mineral particles. Larger prion
aggregates were removed from suspension by one 5 min centrifugation at 800g. The supernatant
(clarified BH) was collected, diluted 1:10 in 10 mM NaCl and added (100 pL) to 400 pg of
microparticles in 400 uL. 10 mM NacCl, or in the case of quartz, 20 mg in 400 pL. 10 mM NacCl,
and vortexed (10 min, 1200 rpm). Samples were incubated in sealed microcentrifuge tubes and
rocked gently for 2 h at ambient temperature (clay and quartz particles, 1 hour in the case of the
iron (oxy)hydroxide particles). Prions were extracted from the samples with 1 mL 1% SDS
(smectites; SWy-2, SAz-1, and SHCa-1, and iron (oxy)hydroxides; ferrihydrite and goethite) or 1
mL of 1% SDS in 100 mM sodium phosphate, pH 7 (KGa-1 and KGa-2), vortexed, shaken at 37
°C for 1 h, then heated to 100 °C in 5x SDS-PAGE sample buffer (100 mM Tris, 7.5 mM EDTA,
100 mM dithiothreitol (DTT), 350 mM SDS pH 8.0) for 10 min. After extraction, samples were
prepared for analysis by SDS polyacrylamide gel electrophoresis (SDS-PAGE) with immunoblot
detection.

3.3.5 Reaction of HSOs with prions. Pathogenic prion protein adsorbed to
microparticles were mixed with HSOs under the conditions indicated in the Results and

Discussion. Concentrations presented for HSOs and sodium thiosulfate reflect final
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concentrations. All experiments were conducted at room temperature (~25 °C) unless otherwise
indicated, and in polypropylene microcentrifuge tubes in the dark. Reactions with HSOs™ were
halted by addition of an equal volume of 0.5 M sodium thiosulfate (unless otherwise specified).
In some cases, samples were pre-treated with sodium thiosulfate to prevent oxidation by HSOs~
and radical species. Final solution pH of HSOs™ was stable at approximately 1.5, unless buffered
with phosphate as indicated in Results and Discussion.

The iron (oxy)hydroxides goethite (Fe'O(OH)) and ferrihydrite ((Fe'"),053-0.5H,0) were
added to 50 mM HSOs in concentrations ranging from 0.02-20% w/v final concentrations and
incubated for 1 h at room temperature. The suspension was then added to CWD brain
homogenate for final (oxy)hydroxide concentrations of 0.01-10% w/v. After 1 h the reaction was
quenched with 0.5 M Na,S,0; and the PrP™" extracted using 1% SDS and prepared for
immunoblot detection. Where indicated, HSOs -iron (oxy)hydroxide samples were pre-quenched
with 0.5 M Na,S,0s prior to addition of PrP™F,

3.3.6 Immunoblot detection of PrP™F. All protein samples were prepared for
NuPAGE by adding LDS sample buffer (7 pL) and NuPAGE sample reducing agent (3 pL)
containing 500 mM DTT (Invitrogen), and heating (10 min, 90 °C). Protein samples (16 pL)
were fractionated on 12% bis-tris polyacrylamide gels (Invitrogen) and electrotransferred to
polyvinyl difluoride membranes. Membranes were blocked in 5% non-fat dry milk in Tris-
buffered saline containing 0.1% Tween 20 overnight at 4 °C. PrP was probed with mAb 8G8 and
Bar224 (1:5000 and 1:10,000 dilution, respectively, Cayman Chemical). Detection was achieved
with HRP-conjugated goat anti-mouse immunoglobulin G (1:10,000; BioRad) and Super Signal
West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL). The intensity of

immunoreactivity in blots was measured using density histograms of the protein bands and
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converted to intensity relative to the corresponding no-soil control (Image J). We present the
error associated with this method as the standard deviation of relative intensity measurements of
triplicate immunoblots.

3.3.8 lodometric titrations of HSOs™ during exposures of microparticles and
iron (oxy)hydroxides. Prepared clay or iron (oxy)hydroxide microparticles were added to 25
mM HSOs to a final concentration of 1% w/v and vortexed. lodometric titrations were used to
determine changes in concentration following the manufacturer’s protocol.”’ Briefly, a 10 mL
aliquot of 25 mM HSOs was added to 30 mL 1% w/v potassium iodide with 1 M sulfuric acid
and immediately titrated with 25 mM thiosulfate solution until the solution turned pale yellow.
After adding 1 mL starch indicator solution, titrant was added until the reaction was colorless.
Between time points, sample tubes were covered with foil and rocked in the dark for up to two

weeks. The pH was recorded at each time point indicated.

3.4 RESULTS AND DISCUSSION
3.4.1 PrP™F sorption to and extraction from soil microparticles. Washing

PrP™" bound to microparticles with background buffer, centrifuging and analyzing the

TSE

supernatant for protein by immunoblotting did not show detachment of PrP > except from the

pure quartz particles (data not shown). These results are consistent with previous reports.

TSE

Johnson et al. showed PrP °" in the pellet from clay particles but not quartz, and this was

attributable to the smaller specific surface area of quartz microparticles compared to kaolinite
and montmorillonite surfaces.'® Compared to unbound controls, PrP™" was fully extractable
from montmorillonite and hectorite samples (SWy-2, SAz-1, and SHCa-1; Figure S2) with 1%

TSE

SDS extraction buffer. Strong interactions between PrP >~ and montmorillonite have been shown
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previously by a relatively large sorption capacity (87-174 ugpmtem-mgsorben{l) and resistance
to extraction.'® Extraction of PrP™F from iron (oxy)hydroxides by 1% SDS was conducted after
1 h incubation. At all concentrations of iron (oxy)hydroxides for both ferrihydrite and goethite
(0.01-10% w/v), PrP™" was extracted comparable to controls containing equivalent BH
concentrations (Figure S3).

Prions adsorbed to kaolinite (KGa-1 and KGa-2), a nonexpandable phyllosilicate clay,
required the SDS to be buffered to pH 7 with phosphate to recover amounts comparable to
unbound controls (Figure S2). The aluminum oxide/hydroxide gibbsite layer of kaolinite likely
increased protein binding affinity at the clay edges, as aluminum oxide/hydroxyl moieties added
to the montmorillonite tetrahedral plane increased the binding affinity of DNA molecules
compared to montmorillonite alone.”® In 1:1 clays, such as kaolinite, hydroxyl groups from the
octahedral sheet form hydrogen bonds with the oxygens of the tetrahedral sheet, preventing
protein binding of internal surface area and restricting adsorption to the external crystal structure
and the edges of the clay; unlike montmorillonite, for each tactoid of kaolinite, one gibbsite
plane is exposed.”

3.4.2 Effect of microparticle presence on HSOs".

Iodometric titration of 25 mM HSOs from immediately following addition of
microparticles to 168 h (1 week) after exposure resulted in substantial decline in HSOs~
concentration only for samples containing hectorite (SHCa-1; Figure 1A). Hectorite also
buffered the solution pH to a larger degree than did the other microparticles investigated (Figure
1B). Hectorite was the only microparticle examined that contained a large proportion of calcium
and magnesium oxides (Table S1). The higher pH in the hectorite-HSOs™ solution is consistent

with the alkalinity from the alkali earth oxides present, calcium and magnesium oxide (pK, =
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12.8°° and 13.09,”' respectively), which likely neutralizes a substantial amount of the acid to
form a conjugate weak base that results in a pH 6 solution. This suggests the reduction in
concentration of HSOs ™ in hectorite may be attributable to its ability to buffer the pH of the
solution (Figure 1B). HSOs in the presence of hectorite declined in concentration over time
consistent with that seen in the sample when the solution pH was adjusted to pH 3-4 with
phosphate buffer (Figure S5). In the iodometric titrations of phosphate-buffered HSOs in the
presence of microparticles, the final concentrations of microparticle-exposed HSOs™ were not
significantly different from each other or HSOs alone, however the HSOs concentration
between start and 48 h incubation was statistically different for HSOs™ (p =0.0270), kaolinite (p
=0.0183), and hectorite (p =0.0037). This is different from the unbuffered HSOs concentrations
where only the HSOs exposed to hectorite was significantly different from the starting
concentration at 48 h (Figure 1A).

Ferrihydrite and goethite were exposed to HSOs to determine change in HSOs~
concentration over time in the presence of iron (oxy)hydroxide particles (Figure S6). The pH of
each iron (oxy)hydroxides -HSOs solution was stable at approximately 2-3 throughout 72 h.
After 48 h incubation, the concentration of HSOs in the goethite-HSOs solution was
significantly decreased from the starting concentration (p = 0.0414), and this significance
increased for the next 24 hours as the concentration continued to drop. The ferrihydrite-HSOs"
solution was significantly decreased from the starting concentration (p =0.0408) at 72 h
incubation time. Because the pH of the iron (oxy)hydroxides did not change substantially over
this time period, it is likely that the iron acts as an activator of HSOs™ to sulfate radical. To test
this hypothesis, iodometric titrations should be repeated in the presence of alcohols that quench

radical species.
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To test whether the presence of microparticles has an effect on the ability of HSOs™ to

TSE

inactivate PrP °", we incubated 250 mM HSOs with the kaolinites, montmorillonites, hectorite

and quartz for 24 h, centrifuged the samples to remove the microparticles in the pellet, and
exposed prions to the supernatant with a final concentration of 125 mM HSOs™ for 1 h. After
quenching the reaction with 1 M sodium thiosulfate and detecting via immunoblot, no PrP™"
was detected in any of the HSOs -exposed samples (Figure S4).

3.4.3 Recovery of PrP™F from soil minerals after exposure to HSOs". As an

initial step toward understanding PrP™"

inactivation when the protein is associated with
microparticles, we examined the effect of exposure to HSOs on PrP™" adsorbed to
montmorillonite (SWy-2 and SAz-1) or kaolinite (KGa-1 and KGa-2) (Figure 2). We note that

we have previously investigated the ability of HSOs to degrade PrP™"

after being quenched by
sodium thiosulfate and showed that inactivation of PrP">" does not occur,(article in review) and
all reactions with HSOs were quenched with sodium thiosulfate prior to protein extraction.

Following 30 or 60-min incubation in 125 mM HSOs, the relative intensity of PrP™"

signal
decreased to background levels (<10% of control band by densitometry) for all microparticles,
except hectorite (SHCa-1) where the band intensity decreased to 11.0 + 0.01% after 30 min but
was below background after 60 min (Figure 2). A similar trend was seen for exposure to 25 mM
HSOs™ (Figure S7).

We note that after 60 min exposure to 125 mM HSOs", some immunoreactivity below the
threshold for densitometry background (<10% of control band) is observable, along with higher-
than-expected molecular mass bands in the immunoblot for both kaolinites. This
immunoreactivity was consistently seen in both kaolinites, but no other particle. The mechanism

TSE

for the immunoreactivity is unknown. We suspect that PrP >" oxidation by HSOs  results in
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partial protein aggregation that may be supported by unknown properties of kaolinite. Previous
research supports this; exposure of bovine serum albumin (BSA) to hydroxyl radical led to the
formation of higher molecular weight products (dimers, trimers, and higher) indicating protein
aggregation or coupling.’®> Additionally, the remaining protein may be attributed to greater

aggregation of PrP™>"

when associated with kaolinite. It is possible that the HSOs™ adsorbed to
the positively charged gibbsite surface of the kaolinite, or that the kaolinite activated HSOs to
sulfate radical species, however no decrease in HSOs concentration or change in pH was
observed after exposure to kaolinite.

3.4.4 Effect of temperature. Degradation of PrP™" bound to SWy-2 was examined as
a function of temperatures (4 °C, 10 °C, 20 °C, 30 °C, 40 °C, 50 °C). The investigation was not
extended to higher temperatures because HSOs can be activated to radical species at

47, 53, 54
temperatures >70 °C*" **

and temperatures above 50 °C are unlikely during environmental
decontamination attempts. Peroxymonosulfate is stable, and has a half-life of 600 days at 25 °C
(unbuffered, pH stable at approximately 1.5),”> although a similar compound, persulfate, was
shown to have a half-life of ~200 days in the presence of SWy-2 montmorillonite, compared to a
half life of >400 days in the presence of silica at the same temperature (solids mass loading 50
g/L, pH 8.0).” Peroxymonosulfate decreased immunoblot detection of PrP™* bound to SWy-2
montmorillonite at all temperatures tested (Figure 3A). The reaction rate of sodium thiosulfate
decreases with temperature, and the rate difference between 4 °C and 10 °C may be large enough
for the small variance in observed prion detection, although this same observable decrease in

detection at 4 and 10 °C was still seen when the sample temperatures were adjusted to 20 °C for

five min prior to addition of sodium thiosulfate. However, the difference in densitometry of
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protein bands was not significantly different. Therefore, inactivation of prions by HSOs™ is not
impeded by environmentally relevant, ambient temperature changes.

3.4.5 Effect of pH. The pH of HSOs solution does not affect PrP™>" degradation over
the time scales examined (Figure 3B). To determine the effect of pH on degradation of
microparticle-bound prions by HSOs , we incubated 15 pL of 10% CWD BH adsorbed with
SWy-2 montmorillonite microparticles with 12.5 mM (final concentration) HSOs™ in phosphate
buffers with pH of 4, 5, 6, 7, 8 and 9. When the concentration of HSOs (buffered to pH 4) was
investigated in the presence of different microparticles, all samples showed significant declines
of HSOs™ concentration (Figure S5, kobsrsos =126 pmol/h, kops swy-2=150 umol/h, kqps saz-1=342
umol/h, kops kGa-1=229 pmol/h, kops stca-1=190 pmol/h, kobsQuar=190 pmol/h). Some of the
particles however, including iron (oxy)hydroxides and the gibbsite surface of kaolinite, have pH-

TSE

dependent charge that, in principle, may have an effect on association with PrP">" (e.g., by

changing the strength of attachment), and iron (oxy)hydroxides may dissolve at the low pH>® >’
observed in the HSOs exposed samples. Disassociation of PrP™" from clay and/or iron
(oxy)hydroxides particles in the presence of HSOs may contribute to prion inactivation.
However, the charge of montmorillonite does not change over a broad pH range found in most
natural environments.*’

3.4.6 Effect of iron oxide. The presence of iron (oxy)hydroxides in soil is a necessary
consideration for soil applications of HSOs for prion remediation. Additionally, iron
(oxy)hydroxides (both Fe" and Fe™) have previously been shown to activate
peroxymonosulfate,” > with Fe'"' having the advantage of slower generation of sulfate radical,

which, unlike in the Fe"-HSOs system, is not quenched.”® Although we previously showed

cobalt activation enhances prion inactivation by HSOs™ (Chapter 2), the effect of other metal
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species on HSOs -induced prion inactivation has not been reported. Goethite and ferrihydrite

particles did not inhibit PrP™"

inactivation; however, both the presence of iron (oxy)hydroxides
and hectorite decreases the concentration of HSOs over the course of multiple days. Unlike
hectorite, the pH of the iron (oxy)hydroxides remained stable at 2.5 and the reduction in HSOs~
concentration is likely due to activation to sulfate radical. Peroxymonosulfate-iron

111

(oxy)hydroxides suspensions (ferrihydrite and goethite, both Fe™) pre-quenched with 1 M

Na,S,0; did not inactivate pPrp™SE

after 1 h (Figure 4A). However, HSOs solutions containing all
tested concentrations (0.01-10% w/v) of both iron (oxy)hydroxides resulted in no detection of
PrP™" by immunoblot (Figure 4B), indicating that iron (oxy)hydroxides do not interfere with
HSOs™ inactivation of prions. To eliminate the possibility of iron (oxy)hydroxides-induced
PrP"* inactivation, the same concentrations of iron (oxy)hydroxides were exposed to 10% CWD
BH for 1 h. Detection of PrP™" by immunoblot showed no differences between densitometry of
immunoreactivity of the water-exposed BH control and the immunoreactivity of BH samples
exposed to all concentrations of both iron (oxy)hydroxides (Figure S3).

3.4.7 Environmental implications. The development of methods for remediation of
prion contaminated lands is an important and necessary component to limit the spread of CWD
in captive and wild cervid populations. Our results demonstrate that prion inactivation by HSOs™
is responsible for the reduced recovery of PrP™F from soil particles over time. These data
provide strong evidence that environmentally relevant pH and temperatures does not inhibit
HSOs inactivation of CWD prions. Furthermore, CWD prions are degraded by HSOs ™ despite the

association with clay microparticles and iron (oxy)hydroxide particles. Further work is warranted

to elucidate any possible mechanism of protection from inactivation by HSOs by association
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with kaolinite, as well as expanding this research to additional soil components and whole soils.

We show that HSOs ™ has potential for environmental applications in PrP"" decontamination.
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Figure 1 Concentration of HSOs™ over time is dependent on the presence of

certain microparticles and pH. Peroxymonosulfate (25 mM) was added to purified, size

separated microparticles and the concentration of the HSOs in solution was measured over time

using idiometric titrations. After 12 hours, the concentration of HSOs with hectorite was

statistically different from HSOs alone (p <0.01) and after 24 hours, the concentration of HSOs™

with hectorite was statistically different from all other treatments (p <0.01). (B) Microparticles

were added to unbuffered HSOs™ (pH 1.86) for a final concentration of 1% weight per volume

and pH was monitored over the course of 60 m (1 h) with two additional time points at 120 (2 h)

and 1440 m (24 h). Peroxymonosulfate with hectorite was significantly different (p <0.01) from

all other solutions at all time points pH was measured.
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Figure 2. Clay microparticles do not inhibit inactivation of CWD prion protein by
HSOs5. CWD prions were adsorbed to montmorillonite, kaolinite microparticles (d, = 0.5-2
um), and quartz microparticles for 2 h and then exposed to 125 mM HSOs or water. Reactions
were quenched with 1 M Na,S,0; after 30 and 60 min, as indicated. Prions were extracted in 1%
SDS for 1 h (in 100 mM sodium phosphate buffer, pH 7 for Kaolinites). Exposure to 25 mM

HSOs shown in Figure S5. Immunoblots were probed with monoclonal antibodies bar224 and

8G8. Blots shown are representative of three replicates.
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Figure 3. Inactivation of prions bound to SWy-2 microparticles by HSOs™ is not
dependent on temperature or pH. (A) Prions (15 pL of 10% CWD BH bound to SWy-2
microparticles) and 12.5 mM HSOs™ were separately temperature equilibrated (between 4 and 50
°C) for 1 h prior to HSOs exposure. (B) Prions (25 uL of 10% BH) was incubated with 25 uL
HSOs™ (12.5 mM final volume) adjusted to various pH with phosphate buffer. (A and B) After
30 and 60 min, the reaction was quenched with 0.5 M sodium thiosulfate. Prions were extracted
in 1% SDS for 1 h (pH 7 for Kaolinites). Densitometry was from three replicate immunoblots

probed with mAbs bar224 and 8G8. Significance was determined by one-way ANOVA.
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Figure 4. Iron (oxy)hydroxides presence in HSOs does not impact PrP™E
inactivation. CWD PrP™ (25 uL of 10% BH) was incubated with 25 mM HSOs (50 mM
final volume) containing various concentrations of goethite or ferrihydrite (0.01% - 10% final
w/v) for 60 min before the reaction was stopped with 1 M sodium thiosulfate. The same
concentrations of iron (oxy)hydroxides were pre-quenched with 1 M sodium thiosulfate for 1 h
prior to exposure to CWD BH. Prions were extracted in 1% SDS for 1 h (pH 7 for kaolinites).

Immunoblots probed with mAbs Bar224 and 8GS8.
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Supporting Information for Chapter 3

Degradation of pathogenic prion protein from soil microparticles by
peroxymonosulfate*
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*A version of this chapter will be submitted to Environmental Science & Technology with

Garvey, D., Epstein, G., Millevolte, R., and Pedersen, J.A. as co-authors.

Table of Contents

Page

3.8.1 Tables

Table S1 Chemical composition of microparticles
Table S2. Characterizations of prepared smectites
3.8.2 Figures

S1. X-ray diffraction data of prepared smectites.

S2. SDS extraction recovered PrP™ from soil microparticles.

$3. The presence of iron oxides do not inhibit detection of PrPTSE by Western blot.

S4. HSOs previously exposed to microparticles still degrade prions.

S5. Concentration decline of pH-buffered HSOs-microparticle solutions.

S6. Concentration of peroxymonosulfate over time in the presence of iron oxides.
S7. Clay microparticles do not inhibit inactivation of CWD prion protein by HSOs'.

S8. Densitometry of PrP™F exposed to 25 mM or 125 mM HSO5- for 30 or 60 minutes.

105

105

106

107

107

108

109

110

111

112

113

114



105
3.8.1 Tables

Si0, ALO; TiO, Fe;O; FeO MnO MgO CaO Na,O K,O P,0s S F Li,O

KGa-1 442 397 139 0.13 0.08 0.002 0.03 nd. 0.013 0.05 0.034 0.013

KGa-2 439 385 2.08 098 0.15 nd 0.03 nd. 0.005 0.065 0.045 0.02

SAz-1 604 176 024 142 0.08 0.001 646 282 0.063 0.19 0.02 0.287

SWy-2 629 196 0.09 335 032 0.006 3.05 1.68 153 053 0.049 0.05 0.111
SHCa-1 347 0.69 0.038 0.02 025 0.008 153 234 126 0.13 0.014 0.01 26 218

Qtz 100

Table S1. Chemical composition of clay and SiO, microparticles.
The unpurified microparticles used had the chemical composition indicated. These data are from
information provided by the Clay Minerals Society Source Clays Repository (West Lafayette,

Indiana, United States).



Cation Cation
Particle exchange  exchange Surface area
hydrodynamic capacity capacity (N, area,
doo1 (nm) ® Angle diameter (pum) (umol./g) (umol/m?) m?/ g)

Mte SWy-2  1.26+0.04 7.65+0.06 0.5-2.0 764 24.01 31.82+0.22
SAz-1 1.29+0.07 6.98+0.27 0.5-2.0 1200 12.32 97.42 +0.58
Hectorite SHCa-1 1.28+0.01 6.91+0.01 0.5-2.0 439 6.95 63.19 +0.50
Kte KGa-1 0.5-2.0 20 1.99 10.05 + 0.02
KGa-2 0.5-2.0 33 1.40 23.50 £ 0.06
Quartz 180-250

Table S2. Characterizations of prepared smectites. Characterization of microparticles used. Cation exchange capacity and

surface area data was calculated from information provided by the Clay Minerals Society Source Clays Repository (West Lafayette,

Indiana, United States).
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3.8.2 Figures
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smectite microparticles

Figure S1. X-ray diffraction data of prepared smectites. A 0.01% w/v 10 mM NaCl
solution of each homo-ionized smectite (SWy-2, SAz-1, and SHCa-1) was made into a slurry,
vortexed, and centrifuged (10 min, 16,000g). The layer above the pellet was layered on silica
wafers and dried overnight. The basal dy; spacings of the near homoionic smectites (Na'-SWy-
2, Na'-SAz-1, and Na'-SHCa-1) were determined by X-ray diffraction on a Scintag PAD V
diffractometer (Cupertino, California, US) using CuKa with a step size of 0.02° and a dwell time

of 2s. Each value is an average of three replicates. Error is one standard deviation.
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Figure S2. SDS extraction recovered PrP™F from soil microparticles. A 100 pL
volume of PK-treated CWD BH was incubated with 400 pg of montmorillonite (SWy-2, SAz-1),
kaolinite (KGa-1, KGa-2), hectroite (SHCa-1), or 20 mg quartz in 400 uL. 10 mM NacCl for 2 or
48 h. Prions were extracted in 1% SDS for 1 h (100 mM sodium phosphate buffer, pH 7 for

TSE

kaolinites). Incubation of PrP >~ with microparticles did not reduce detection by immunoblot.

Experiments were conducted in triplicate. Immunoblots used mAb 8G8 and Bar244.
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Figure S3. The presence of iron oxides do not inhibit detection of PrP™F by
Western blot. CWD PrP™F (25 uL of 10% BH) was incubated with 25 uL of various
concentrations of goethite or ferrihydrite (0.01% - 10% final w/v) for 60 min. Prions were
extracted in 1% SDS for 1 h prior to preparation for SDS-PAGE. Immunoblot probed with mAbs

bar224 and 8GS.



110

125 mM HSO05
CoNtrol patives SW2 SAz1 KGa1 KGa2 SHCat Qz ~ MWM

— 28kDa

— 17 kDa

Figure S4. HSOs5 previously exposed to microparticles still degrade prions.
Peroxymonosulfate (250 mM) was exposed to 10% w/v microparticles for 24 h. Microparticles
were separated by centrifugation for 10 min at 800g at room temperature. The
peroxymonosulfate supernatant was incubated with 20 pL of CWD BH for a final HSOs
concentration of 125 mM. Reactions were quenched with 1 M Na,S,03 after 60 min and samples
were prepped for Western blot detection. Membranes were probed with monoclonal antibodies

Bar224 and 8GS. Blot shown is representative of three replicates.
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Figure S5. Concentration decline of pH-buffered HSOs -microparticle solutions.
Peroxymonosulfate (25 mM) pH adjusted to 4 with phosphate was added to purified, size
separated microparticles (10% w/v) and the concentration of the HSOs in solution was measured
over time using idiometric titrations. After 48 h, the concentration of HSOs™ alone or with each
microparticle was not statistically different (p >0.05). The HSOs concentration between start and
48 hours incubation was statistically different for PMS (p = 0.0270), KGa-2 (p = 0.0183), and

SHCa-1 (p = 0.0037).
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Figure S6 Concentration of peroxymonosulfate over time in the presence of iron
oxides. Peroxymonosulfate (25 mM) was added to 10% w/v ferrihydrite or goethite and the
concentration of the HSOs in solution was measured over time using idiometric titrations. After
48 hours, the concentration of HSOs ™ in the presence of goethite was statistically significant from
the original concentration (p =0.0414 after 48 hours, p =0.0035 after 60 hours p =0.0241 after 72
hours). After 72 hours, the concentration of HSOs in the presence of ferrihydrite was

statistically significant from the original concentration (p =0.0408).
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Figure S7. Clay microparticles do not inhibit inactivation of CWD prion protein by
HSOs. CWD prions were adsorbed to montmorillonite and kaolinite microparticles (dn= 0.5-2
um), and quartz particles (0.18-0.25 mm) for 2 h and then exposed to 25 mM peroxymonosulfate
or water for 30 or 60 min. Reactions were quenched with 1 M Na,S,0s. Prions were extracted in
1% SDS for 1 h (in 100 mM sodium phosphate, pH 7 for Kaolinites). Western blots were probed

with monoclonal antibodies Bar224 and 8GS. Blots shown are representative of three replicates.
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Figure S8. Densitometry of PrP™F exposed to 25 mM or 125 mM HSOs™ for 30 or 60
minutes. CWD BH was incubated with either 25 or 125 mM HSOs™ in the presence of CoCl,
(125:3 molar ratio) for 30 min or 60 min. Substantial degradation of PrP">" was seen at 25 mM,
with densitometry approaching background levels (0.1) for both timepoints at 125 mM HSOs’
and 60 minutes for 25 mM HSOs .Error bars represent standard deviations of experimental
triplicates. Immunoblots were probed with mAb 8G8/Bar224. Immunoblot densitometry values

TSE

normalized to PrP >~ in ultrapure water (n = 4). Error bars represent one standard deviation.
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Chapter 4

Extraction, detection, and decontamination of chronic wasting disease agent
from soil*

*A version of this chapter will be submitted to Environmental Science & Technology with
Johnson, C.J. and Pedersen, J.A. as co-authors
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4.1 ABSTRACT.

Chronic wasting disease (CWD) is a prion disease that affects North American members
of the deer family (cervids). Substantial evidence implicates an environmental reservoir of
infectivity as a result of excreted pathogenic agent from diseased animals. A strong interest
exists for effective environmental prion decontamination methods; however, few studies have
investigated the efficacy of inactivation methods when the disease agent is associated with soil or
soil constituents. We have previously shown that peroxymonosulfate, (HSOs") either alone as
when activated to sulfate radical using a transition metal catalyst, can inactivate prions from two
mammalian species, even when associated with aluminosilicate clay particles, goethite, or
ferrihydrite. Here we investigated the ability of HSOs to inactivate prions associated with whole
soil. To acheive this objective, we optimized protocols to recover prions from different soils for
detection by Western blot and amplification by an in vitro protein conversion assay, protein
misfolding cyclic amplification (PMCA). Once optimized, we examined the extent of HSOs -
induced degradation by immunodetection, and reduction and reduction in the in vitro templating
ability of the protein by PMCA, as a proxy for infectivity. We found HSOs decreased the in
vitro templating properties of CWD prions using PMCA by a factor exceeding 10°, indicating
that HSOs is effective for inactivating prions in soil matrices. We also investigated the toxicity
of HSOs™ to soil bacteria and fungi and to grass. Low concentrations of HSOs substantially
reduced fungal and bacterial colony formation. Furthermore, application to Kentucky bluegrass
sod resulted in toxicity; nevertheless, potting soil saturated in HSOs was able to produce grass at
nearly the same rate and average leaf length as unexposed soil. Our results indicate that HSOs~
may be an efficient tool in the environment to degrade prions and remediate environmental

reservoirs of CWD infectivity. Furthermore, we believe our toxicity results provides a starting
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point for the evaluation of long-term effects of HSOs to relevant environmental species that may

be exposed during prion remediation.

4.2 INTRODUCTION

Transmissible spongiform encephalopathies (TSEs) are a class of progressive
neurodegenerative diseases caused by prions, a unique infectious agent that catalytically converts
a normally produced, benign, cellular form of the prion protein (PrP®) to the misfolded and

TSEY 12 Most TSEs are transmitted via the oral route.”

disease-associated conformation (PrP
Scrapie and chronic wasting disease (CWD) are unique among other TSEs in that indirect
horizontal transmission occurs from infected to naive animals via an environmental reservoir of
infectivity.”” Chronic wasting disease affects North American members of the deer family
(cervids) and is present in the United States, Canada, and South Korea.*’ Strong evidence exists

for environmental transmission of CWD and the maintenance of a reservoir of prion infectivity

6,10-13 TSE

in contaminated soils. The disease agent, PrP">", is shed from diseased animals during the

14-18

lengthy course of the infection. Prions have been shown to bind avidly to certain soil

7,21,22

1920 1 +,- . . o . . ..
components, >~ limiting the vertical movement of prion protein in soils, and maintaining

infectivity near soil surfaces. Previous works have assessed the persistence of TSE infectivity in

: 21
soil for several years;”

a hamster-adapted prion strain was recovered from garden soil after
burial for 3 years,”' and scrapie infectivity can persist in some environments for at least 16
years.” The capability to detect CWD agent in soil would allow identification of soil “hot spots”
and thereby generating information for disease management.

To limit the further spread of the disease through environmental routes, methods to

inactivate prions in the environment are necessary. Despite biological and abiotic processes that

degrade proteins in soil, prion infectivity resists inactivation by methods that efficiently
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inactivate conventional pathogens.”* We have previously shown the ability of peroxymonosulfate
(HSOs") to degrade PrP"™F both alone and when the PrP™F is associated with purified soil
components. For use in the environment, one needs to consider the efficacy of this oxidant when
prions are associated with whole soils containing components that may interfere with degradation,
including natural organic matter, minerals, and other constituents. Importantly, soil contains
constituents that inhibit detection by conventional means and necessitates extraction steps for
immunodetection and in vitro amplification.

Direct detection of proteins by immunochemical techniques can problematic due to
interference by material from clays and other soil particles.”” Genovesi et al. (2007) developed an
direct immunologic detection method that does not require desorption of protein from soil,
eliminating denaturants or detergents necessary for desorption,”® however this method is not very
sensitive (the limit of detection appears to be approximately equivalent to 0.25% BH), has not
yet been shown to work with CWD prions, and does not allow determination of protein size as it
does not use gel electrophoresis for protein band size separation, suggesting inherent challenges
with verification. One solution to this problem is to increase signal by amplifying the disease
agent in vitro. However, in vitro amplification can be challenging because prions can bind to soil
particles and potentially to other environmental matrices.'” Two alternatives can be used to
amplify PrP™" from environmental samples: direct amplification from a soil sample and
extraction of PrP™" from the sample followed by amplification. However, the challenge exists
that prion extraction from soil components often uses detergents that affect the secondary and
higher level structure of the protein. In vitro PrP -to-PrP™" conversion relies upon the presence
of the infectious conformation in the sample and detergent extraction may compromise this

structure.
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The optimization of protein misfolding cyclic amplification (PMCA), an in vitro amplification
assay, could have the additional benefit of enabling the detection of prions in naturally
contaminated samples. While PrP™" has been amplified directly from amended soil samples
using the amyloid seeding assay”’ and PMCA,**>° the amounts of soil that can be used in the
PMCA reaction are limited. For example, Nagaoka et al. (2010) found the optimal sample size
for PMCA to be 8 pg.*® Such a small sample size raises questions about the representativeness
and limits sample throughput. Extraction of PrP™" from soil followed by PMCA would allow
larger amounts of soil to be tested, however, to extract PrP"F that would be reactive in PMCA, a
relatively gentle extraction procedure would be necessary so as not to denature the infectious
secondary and tertiary structure of the PrP™",

The objective of this research was to evaluate the extent to which HSOs can degrade
pathogenic prion protein and inactivate prion infectivity associated with soil particles and to
determine the effects of HSOs treatment on soil microorganisms and plants. Accomplishing this
objective required the optimization of methods to recover PrP™" from soils for detection by
immunoblotting and PMCA. We employed the optimized methods to test the ability of HSOs™ to
inactivate soil-associated CWD prions. We have taken this strategy and tested a variety of
potential extractants to recover PrP™>" from amended soils having a range of mineral and organic
compositions encompassing those likely to be encountered in environmental samples containing
naturally deposited CWD PrP™. In addition, we investigated the toxicity of HSOs on soil
microflora, on the survival of turfgrass, and the ability to grow turfgrass seeded on soil that had

been exposed to HSOs .
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4.3 EXPERIMENTAL

4.3.1 Ethics statement. All animals were cared for in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the University of Wisconsin,
Madison (Assurance Number A3464-01).

4.3.2 Materials. Proteinase K (PK) from Tritirachium album, 30 units-mgprotein'l) and
phenylmethanesulfonyl fluoride (PMSF) (>98.5%) was purchased from Sigma-Aldrich.
Peroxyonosulfate was obtained as a triplicate salt (2KHSOs-KHSO4-K;,SOs4, Oxone®, 95%,
manufactured by DuPont) potassium dihydrogen phosphate (>98%) from Alfa Aesar. Sodium
hydroxide (>97%), sulfuric acid (95-98%), sodium chloride (>99.9%), sodium phosphate dibasic
anhydrous (>99%), and Tris base (>99.9%) were acquired from Fisher. These chemicals were

used without further purification. All solutions were prepared in ultrapure water (18.2 MQ -cm

resistivity, Barnstead GenPure Pro) unless otherwise specified.

Natural organic materials (NOM) including humic acids from Elliot soil (ESHA,
1S102H), the Suwannee River (SRHA, 2S101H), Pahokee peat (PPHA, 1S103H), Leonardite
(LHA, 1S104H) and fulvic acid from Elliot soil (ESFA, 1S102F) were purchased from the
International Humic Substances Society (IHSS; St. Paul, Minnesota, USA) and used without
further purification. The soils used were Elliot silt loam (IHSS), Defore silt loam (Outagamie
County, Wisconsin, USA), and four Scottish soils (Site S topsoil (silt loam), Site S subsoil
(sandy loam), Site C topsoil (sandy clay loam), and Site C Subsoil (sandy clay loam)). The
Scottish soils were used in field-scale studies of the survival and migration of prions from buried
cattle heads and have been extensively characterized.”>**>> Concentrations of NOM was
estimated as previously described.’’ Breifly, absorbance sprectra (250-700 nm) were acquired by

a UV-3600 Shimadzu spectrophotometer. Triplicate samples were quantified against a five-point
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calibration curve (R* > 0.98) produced with 0.005-1 g L' ESHA for soil extraction. Samples

with absorbance outside the linear range of the standard curve were diluted and reanalyzed.

4.3.3 Prion source. Brain tissue was isolated from an experimentally inoculated white-
tailed deer homozygous in glycine at codon 96 (wt/wt) showing clinical symptoms of CWD prior
to being euthanized.’® Brain tissue was homogenized in 1x modified DPBS without Ca*" or Mg**
(Thermo Scientific, amended with 5 mM EDTA) to a concentration of 10% w/v and stored at
—80°C until use. Prior to addition to soils, CWD-positive brain homogenate (BH; 50 puL) was
treated with 50 pg'mL" (final concentration) proteinase K (PK) for 1 h at 37 °C to eliminate

PrP¢ and N-terminally truncate PrP'™"

. Proteinase K activity was halted by addition of
phenylmethanesulfonyl fluoride to a final concentration of 4 mM.

4.3.4 Extraction of PrP™E from Soil. Proteinase K-treated BH was allowed to
interact with soils (25-50 mg) in 100 pL ultrapure water (18.2 MQ-cm resistivity, Barnstead
GenPure Pro) for 24 h at room temperature followed by a 2-h desorption step where samples
were centrifuged for 10 minutes at 800 xg (to remove any non-adsorbed, unbound PrP™>F) and
extraction with 200 pL of one of the following extraction buffers at room temperature (Table 1):
(A) 0.1 M NaPOg, pH 7.4; (B) 0.1 M NaPOg, pH 8; (C) 1% nonyl phenoxypolyethoxylethanol
(Tergitol-type NP-40) in 0.1 M NaPOy, pH 7.4; (D) McDougall’s buffer (NaHCO3;, 117 mM;
Na,HPOy4, 17 mM; KCl, 130 mM; NaCl, 8 mM; MgSO4, 1 mM; CaCl,, 1.4 mM), pH 8.23; (E)
PMCA buffer (1% Triton X-100 in Ca**- and Mg**-free DPBS, pH 7.4 with 0.15 M NaCl, 5 mM
EDTA, 0.05% saponin and miniprotease inhibitor); (F) 1% sodium lauroyl sarcosinate (sarkosyl)
in 0.1 M NaPOy, pH 7.4; or (G) 1% sarkosyl in 0.1 M NaPOu, pH 8. The choice of these

extraction buffers was driven by the need to maintain the secondary and tertiary structure of

PrP™" for subsequent analysis by protein misfolding cyclic amplification.
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Where indicated, eluates were precipitated with sodium phosphotungstic acid (PTA) in
PMCA buffer in order to precipitate the prion protein. Sodium phosphotungstic acid (4%, pH
7.4, no MgCl) was added to a final concentration of 0.30% and incubated at 37 °C overnight.
After PTA-precipitation, samples were centrifuged (30 min, 16,000g, room temperature). The
pellet was washed once with 200 uL. DPBS, 0.1% sarkosyl and 50 pL 250 mM EDTA and
sedimented by centrifugation (10 min, 16,000g, room temperature). Pellets were resuspended in
PBS to 50 pL (for immunoblotting) or PMCA buffer to 100 pL (for PMCA).

4.3.5 Inactivation of soil-bound PrP™F by peroxymonosulfate. Pathogenic
prion protein in the form of 10% CWD BH was adsorbed to natural soils as described above and
exposed to 25 to 125 mM HSOs (final concentration) at room temperature (~25 °C) in
polypropylene microcentrifuge tubes in the dark. Reaction with HSOs™ was halted by addition of
an equal volume of 1 M sodium thiosulfate. In some cases, samples were pre-treated with
sodium thiosulfate to prevent oxidation by HSOs and radical species. The pH of the HSOs™
solution prior to addition in soil was stable at approximately 2 (125 mM) and 2.5 (25 mM). We
have previously shown that co-extracted constituents from aluminosillcate clay mineral and iron
oxide surfaces does not inhibit prion detection by immunoblot in the presence of HSOs
quenched by sodium thiosulfate (Chapter 2). Prions were extracted with 1% sarkosyl in 0.1 M
NaPOy (pH 7.4, extraction buffer “F”) for immunoblot detection. For detection by mbPMCA,
after elution with PMCA buffer (pH 7.4), prions were PTA-precipitated and resuspended with
PMCA buffer.

4.3.6 Immunoblot detection of PrP™E, Prions were detected via SDS-PAGE as
previously described.’’ Briefly, a 20 uL aliquot was mixed with 10 pL 10x SDS sample buffer

(100 mM Tris, pH 8, 10% SDS, 7.5 mM EDTA, 100 mM dithiothreitol, 30% glycerol), vortexed,
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and heated to 100 °C for 10 min and fractionated on a 12% bis-tris polyacrylamide gels

(BioRad). Proteins were electrotransferred from the gel to a 0.45 pm polyvinyl difluoride
membrane (Millipore), blocked with 5% nonfat dry milk prepared in 1x Tris-buffered saline
containing 0.1% Tween 20) for 1 h and probed with primary antibodies overnight at 4 °C. We
used a combination of monoclonal antibodies (mAbs) 8G8 (Cayman Chemical, 1:1000, epitope:
97-102) and Bar224 (Cayman Chemical, 1:10000, epitope: 141-151) to probe the membrane-
bound cervid PrP. Detection was achieved by horseradish peroxidase-conjugated goat-anti-
mouse immunoglobulin G (BioRad, 1:10,000 dilution) using Super Signal West Pico
chemiluminescent substrate (Pierce Biotechnology) to visualize protein bands. Densitometric
analysis of immunoblot bands was conducted using Image J Software.

4.3.7 Protein misfolding cyclic amplification Protein misfolding cyclic
amplification (PMCA) was conducted as previously described (Chesney et al. in review).>°
Breifly, brain tissue from uninfected transgenic mice hemizygous for the cervid prion gene
(Tg(CerPrP)1535 mice)’’ were used to prepare normal brain homogenate (NBH) to use as the
source for the PrP®. Mice were euthanized by CO, asphyxiation and immediately perfused with
1x modified DPBS without Ca*" or Mg®" (Thermo Scientific, amended with 5 mM EDTA).
Brains were rapidly removed, flash frozen in liquid nitrogen, and stored at —80 °C until use.
Brain tissue was homogenized on ice to 10% (w/v) in PMCA conversion buffer (Ca*"- and Mg2+-
free DPBS, pH 7.4, supplemented with 150 mM NaCl, 1% Triton X-100, 0.05% saponin
(Mallinckrodt), 5 mM EDTA, and 1 tablet Roche Complete EDTA-free protease inhibitors
cocktail (Fisher) per 50 mL conversion buffer). Brain homogenates were clarified by
centrifugation (2 min, 2,000g). Supernatant was transferred to pre-chilled microcentrifuge tubes,

flash frozen in liquid nitrogen, and stored at —80 °C until use.
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The versions of PMCA used, bead-assisted PMCA (PMCADb) and microplate-based

PMCA (mbPMCA), differ in quantity of seed and NBH substrate, number of Teflon beads per
reaction, and the vessel for each method. The seeds for initiating PMCA reactions were 10 pL
(PMCAD) or 4 pL. (mbPMCA) aliquots from CWD samples in indicated experiments added to 90
pL (PMCAD) or 36 uL (mbPMCA) NBH in 0.2 mL thin-walled PCR tubes (PMCAD) or 96-well
PCR microplate (mbPMCA; Axygen, Union City, CA, USA) with two (PMCAb) or one
(mbPMCA) 2.38 mm Teflon” bead (McMaster-Carr, #9660K12). A dilution series was prepared
by serially diluting 10% CWD BH (made up in DPBS) five-fold in NBH. Sample dilutions were
used to seed reactions in the same experiment and acted as positive controls. Where indicated,
PrP™* was added to normal brain homogenate (NBH) from uninfected brain homogenate from
Tg(CerPrP)1535" mice, and used as an NBH carrier to verify the success of PTA precipitation.
Negative controls were NBH. Experimental plates were placed in a rack in a Misonix S-4000
microplate horn, and the reservoir was filled with ultrapure water. Each round of PMCAD or
mbPMCA consisted of 96 cycles (30 s sonication at 40-60% of maximum power, 1770 s
incubation at 37 °C). At the completion of 96 cycles, new NBH was reseeded with 10 pL
(PMCAD) or 4 uL. (mbPMCA) of the reaction product for serial PMCA. After completing the
last round of PMCA, 20 pL of each sample was digested with PK (50 pgrmL™, 1 h, 37 °C), and
the resulting PK-resistant prion protein (PrP™") was analyzed by SDS-PAGE with immunoblot
detection (vide supra).

TSE extracted from soil that had been

For analysis of the in vitro conversion of PrP
exposed to HSOs, prions (PK-treated from log 2.0 dilutions of CWD+ brain tissue) were
incubated with soil (Elliot, Defore, Site S Topsoil, Site S Subsoil, Site C Topsoil and Site C

Subsoil) in 100 pL ultrapure water for 24 h. Additionally, as positive controls, dilutions (log 2.0-
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12) from PK-treated CWD brain tissue alone and associated with Elliot soil were pre-treated with
0.5 M Na,$,0;. Each soil-PrP™" sample was exposed to a final concentration of 125 mM HSOs™
. Reactions were quenched with 1 M Na,S,03, PTA precipitated and washed in 1:1 PMCA buffer
(pH 7.4; buffer “E”). A 4 pL aliquot of the reaction mixture was then added to 36 pL NBH and
subjected to two rounds of 96 cycles of mbPMCA.

4.3.8 Culture of bacteria and fungal colonies. Soils were saturated with HSOs™ (0
— 250 mM) for 2, 4, 6, and 24 h. Samples of gravity-settled supernatant (100 pL) from the top 25
mm of the supernatant was spread on 7.5% agar plates containing 0.3% beef extract and cultured
at 36 °C. Colonies were counted after 24 hours.

4.3.9 Assessment of peroxymonosulfate toxicity to grass. Kentucky bluegrass
sod (from the Bruce Company, Middleton, WI) was cut into 12.5 cm x 12.5 cm squares and
planted on 100 g wet weight potting soil and saturated with ultrapure water. After 48 h
acclimation, 100 mL HSOs solution (0-250 mM, buffered to pH 6 with phosphate where
indicated) was added to each square (in 3 x 3 planting grids). The percent of green grass blades
was determined, and an additional 100 mL of HSOs was applied every other day for 9 days. The
reactions were not experimentally quenched.

Commercial potting soil (Miracle Grow Potting Soil, purchased from the Bruce
Company, Middleton, WI) was saturated with 0-250 mM HSOs solution for 24 h. After draining
the solution, the soil was packed into nine 3.1 x 3.1 cm pods on seed propagation trays. The soil
in each pod was seeded with 30 grass seeds (Fast Grass Lawn Seed Mix, Vigoro: Home Depot
SKU: 893781), watered and monitored for growth every 5 d. Grass leaf blades were counted and

measured from the soil base to the tip of the blade.
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4.4 RESULTS AND DISCUSSION

4.4.1 Extraction and detection of PrP™® from soil. We tested seven extraction
buffers (Table 1) for their ability to recover PrP™" from amended soils. Because the presence of
natural organic material (NOM) may impact the ability to extract and detect prions, we examined
the amount of NOM extracted from two soils differing in organic carbon content: Elliot silt loam
(fraction of organic carbon, fo. = 0.029) and Defore silt loam (fo. = 0.133) using seven extraction
buffers (Table 1). More NOM was extracted from the Defore than the Elliot soil for all extraction
buffers (Figure S1B), consistent with the higher organic carbon content of the former. The
concentration of NOM extracted from the Elliot soil was 16-117 pg-mL™; that from the Defore
soil ranged from 56 to 1150 pg'mL™". For both soils, McDougall’s buffer (pH 8.23; buffer D) and
PMCA buffer (pH 7.4; buffer E) removed the smallest amount of NOM from the soils (Figure
S1B). Buffers containing sarkosyl (1%; buffers F and G) were the most efficient in recovering
PrP™* from Elliot soil (as determined by immunoblotting) and extracted a largest amount of
NOM (Figure S1B).

Natural organic matter occurs at variable concentrations in soils and may be co-extracted
with PrP™", We have previously demonstrated that NOM in soil impacts PrP™" detection by
immunoblotting.’' Methods commonly used to extract PrP™" from soils release substantial
amounts of NOM, and NOM inhibits PrP™" immunoblot signal.””*' The degree of immunoblot
interference for both deer and hamster prions increased with increasing NOM concentration and
decreasing NOM polarity.’' These findings raise the concern that NOM co-extracted with PrP">"

might interfere with detection by mbPMCA. We examined the degree to which NOM interferes
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with mbPMCA and investigated NOM co-extracts from various buffers shown to also extract
prpTSE

We examined the effect of NOM extracts in PrP™" detection using immunoblot. Data

TSE

from the interaction of NOM extracts with PrP >" illustrate a strong correlation between NOM

content and inhibition of detection via immunoblot; more PrP™>" is detected in the sample with
extracts from Elliot soil (Figure S1C), which had less NOM (Figure S1B) than Defore soil.

Extracts from Defore soil showed a strong inhibition of detection of PrP""

, except for buffers D
and E (McDougal’s buffer and PMCA buffer, Figure S1C), which extracted the least amount of
NOM (Figure S1B). These results are consistent with prior work that demonstrates that it may be
more difficult to detect prions from soils containing a large fraction of NOM,’' however
extraction buffers containing 1% sarkosyl may help overcome this challenge.

4.4.2 Optimization of PMCA for detection of PrP™F from soils. Our first step

TSE in soil extracts and PrP™E associated with soil

toward optimizing PMCA to detect PrP
exposed to HSOs was to determine the effect of soil extracts and extraction buffers on
downstream detection using PMCAD. Extractants that allow the recovery of the largest amount
of PrP™>" may not be optimal for PMCA if the extractant or co-extracted constituents from soil
inhibit the PMCA reaction.

To investigate the degree to which soil constituents extracted by the extraction buffers
interfered with the PMCA reaction, we extracted the Elliot and Defore soils with each buffer and
added extracts to a PMCA reaction. The PMCA buffer resulted in one of the lowest amounts of

TSE

extracted NOM, and as expected, it allowed the highest degree of PrP >~ amplification from

Elliot soil (Figure S1D). The buffers containing sarkosyl (buffers F and G) had the largest
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extraction of NOM and these extracts likely contain inhibitors as both samples resulted in no
amplification of pPrP™E (Figure S1D).

Of extractants tested, those that included 1% sarkosyl recovered the largest amount of
PrP™" as determined by immunoblotting (Figure S2A). In contrast, of the extraction buffers

TSE oxtracted

tested, extraction buffers containing sarkosyl resulted in the poorest detection of PrP
from soil after amplification by PMCAD (Figure S2B). Sarkosyl is a detergent, it likely denatures
the protein where the conversion ability is partially inhibited. Alternatively, sarkosyl may act as

an inhibitor to in vitro PrP¢-to-PrP™>E

conversion by interaction with other components of the
reaction. Although detection of PrP™" by immunoblotting is limited to samples extracted using
sarkosyl, PMCAD is able to amplify prions extracted from soil in buffers that do not contain
sarkosyl. Interestingly, there was no amplification of PrP"F from Defore soil (data not shown),
however this is not entirely unexpected as Defore soils had the largest amount of extracted
NOM.

The decrease in detection of PrP™>E

seen in the PMCADb containing spiked soil extracts
(Figure S1D) compared to the extract buffers alone (Figure S1B) indicated a strong inhibitor of
PMCAD were eluted from the soil. Because the inhibition was stronger from the Defore soil
extracts and Defore soil extracts contain a much higher level of NOM (Figure S1B), we
hypothesized that NOM contributed to the inhibition of PMCADb. The effect of humic (HA) and
fulvic (FA) acid (major, operationally defined fractions of NOM) on amplification of PrP™"
from diseased brain tissue. We used Elliot HA, Suwanee River HA, Leonardite HA, Pahokee
Pete HA, and Suwannee River FA, well characterized, reference humic and fulvic acids that are

frequently used in environmental chemistry studies. We examined the effect of humic and fulvic

acids on amplification during the first round of PMCADb. We found that HA and FA inhibited the
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first round of PMCAD in a concentration-dependent manner with the largest inhibition seen in
samples with more than 0.25 pg HA and more than 1 pg FA (Figure S3).

Extracts from soil inhibit PMCA (Figure S1D). We therefore examined the ability of
PTA precipitation to reduce the inhibition of these extracts. When coupled with PTA

precipitation, one round of PMCA allowed detection of PrP""

with all buffers tested regardless
of NBH carrier (Figure S4). Subsequent analyses of in vitro conversion using PrP™>" extracted
from soil as PMCA seed presented here, including those measurements from PrP"™" degraded by
HSOs, utilized a PTA precipitation step to isolate extracted protein.

4.4.3 Degradation of soil-bound PrP"™f by peroxymonosulfate. To investigate
the ability of HSOs to inactivate prion, we examined the ability of HSOs to degrade prion

TSE with soils, a wash with

protein associated with whole soils. After a 24 h incubation of PrP
background buffer and centrifugation to separate unbound PrP™>" from that associated with soil
resulted in the majority of protein being found in the pellet, with a small amount in the

TSE Wwas associated with soil

supernatant. This indicates that although much of the PrP
constituents, a fraction remained either unbound or bound to low density constituents, such as
NOM, that remained in the supernatant (data not shown).

To determine if the presence of soil inhibits prion inactivation by HSOs , PK-treated
CWD brain homogenate (BH) was incubated with a final concentration of 25 mM or 125 mM
HSOs for 1 h. The reaction was quenched with 1 M Na,S,0;, and prions were extracted by
extraction buffer “F” (1% sarkosyl in 0.1 M NaPO,, pH 7.4) for 1 h at 37 °C before being
prepared for immunoblot. Prions not exposed to HSOs were extracted at amounts comparable to

unbound control (Figure 1A). Prions associated with Site C Topsoil and Site C Subsoil, Site S

Subsoil and Site S Topsoil, and Elliot soil exposed to 25 mM HSOs had less detectable protein



130

compared to the unexposed control (Figure 1B), indicating incomplete degradation by HSOs .
Prions associated with the higher organic-content Defore soil were not detected after 1 h
exposure to 25 mM HSOs™ (Figure 1B). After 1 h exposure to 125 mM HSOs", none of the soil-
associated prions were detected by immunoblot (Figure 1C). These results are consistent with the
inactivation of prions associated with purified clay microparticles and iron oxides (Chapter 3)
and prions alone (Chapter 2), where, after 1 h, 25 mM HSOs resulted in slight degradation and
125 mM HSOs resulted in substantial inactivation. The decrease in detection seen from prions
associated with Defore soils may be due to inhibition of immunoblot detection by the organic
fraction as seen in Figure S1C and in previous work.”' Alternatively, prions that interact with
constituents in the organic fraction may be more susceptible to inactivation by oxidation than
prions associated with mineral or clay fractions. Furthermore, organic material may obstruct
binding sites in soil matrices. Additionally, although prions have been shown to avidly bind
montmorillonite,"” mineral oxides and organic material in natural soils may alter the surface
reactivity of constituents.®

4.4.4 Assessment of in vitro conversion ability of soil-bound PrP™F
exposed to peroxymonosulfate. The data presented thus far demonstrate that exposure to

TSE

HSOs degrades soil-associated PrP >". Using Western blot as an immunologic detection method

TSE needed to

has a detection limitation (~4 ng PrP) that is much higher than the amount of PrP
initiate disease (for mice, 725,000 times less sensitive than intracerebral inoculation).39
Additionally, reductions in prion infectivity are not always seen with declines in immunologic

detection via Western blot.>****

To overcome these limitations in analyzing degradation, we
used the reagents identified in our optimization steps to employ PMCA adapted to a microplate

format (mbPMCA) to measure the in vitro converting ability of prions as a proxy for infectivity



131
and to sensitively detect PrP™>E. Although we optimized PMCA for amplification of soil-
y g p p

TSE

associated PrP °", the restriction on the extractants to those without detergents may lead to

incomplete PrP™" extraction. Other groups have used prions still adsorbed to a surface in

29,30
1,

PMCA, including directly amplifying prions associated with soi and adsorbed to metal

wires.** However these studies either did not directly compare amplification of adsorbed prions

44,33

with unbound prions,**** or the amplification was significantly reduced in certain soils.*’

TSE

Our objective was to detect amplified soil-extracted PrP >~ that had been exposed to 125

mM HSOs . We previously investigated the decrease in in vitro conversion of PrP¢ to PrP™"
after exposure to HSOs and reported a decrease of 10°” after two rounds of mbPMCA (Chapter
2). After the second round of mbPMCA, immunoreactivity was not detected at any dilution

examined in samples that had been exposed to HSOs . Samples of Elliot soil-PrP™>"

and samples
of PrP™" without soil that were pre-quenched with thiosulfate prior to HSOs™ exposure were
serially diluted and used as a positive control. Pre-treatment with thiosulfate allowed detection of
PrP™" immunoreactivity for dilutions of CWD-positive deer BH to the 10™'* dilution in both
prion dilutions in Elliot soil and prions not in the presence of soil. These results indicate that 1-h
treatment with 125 mM HSOs decreased the PrP®-to-PrP™" converting ability of PrP'™"
extracted from soil by a factor of at least 10'’ (Figure 2A, B and C). There was no detection of
PrP™" from HSOs -exposed samples out to the third round of mbPMCA. The first lanes in
panels A, B and C of Figure 2 were from a sample from the mbPMCA reaction that was not
digested with PK and represents both prion protein conformations (PrP™>* and PrP‘). The
presence of protein bands, signifying PrP immunodectection, in these lanes indicate the missing

protein bands in experimental lanes are not due to problems associated with the Western blot

method.
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4.4.5 Toxicity of peroxymonosulfate on microorganisms. The toxicity of HSOs~

to species that would be exposed in a decontamination effort is important to investigate prior to
its application. To this end, bacterial and fungal colonies were grown on agar plates and colonies
were counted to establish the effect of HSOs on the survival of microorganisms amenable to
culture on the medium used. The morphology of the colonies did not change regardless of the
exposure time when there was no HSOs ™ in solution (Figure 3A). However at 2 h exposure, when
the concentration was just 25 mM HSOs , the colony branching appeared to decrease; by 250
mM, the colonies were markedly more punctate (Figure 3A). The longer exposures (4 and 6 h)
resulted in far fewer and vastly smaller colonies compared to short exposure (2 h) and the lower
concentration (25 mM) of HSOs™ (Figure 3A). After just a 2 h exposure to 25 mM HSOs ', the
number of colony forming units was significantly decreased (p <0.05) and this extended to
higher concentrations of HSOs™ (Figure 3B) and for exposure times of 4 h (Figure 3C) and 6 h
(Figure 3D).

We calculated the LDsy where the HSOs™ concentration resulted in a reduction of colony
forming units by half compared to the number of colonies grown in control solution.
Peroxymonosulfate appears to be toxic to colony forming units at an LDsy of 118 mM for 2 hour
exposure times, 109 mM for 4 hours exposure, and 87 mM for 6 hours exposure as at these
concentrations half of the colony forming units survived compared to controls. We note that
colonies were still able to proliferate even at higher concentrations than that needed for prion
degradation (25 mM), and re-establishment of soil microflora would likely occur from the
periphery of exposed soils or by deposition by air-borne cells or spores.

4.4.6 Growth of grass on soil exposed to peroxymonosulfate. Consideration of

the ability of HSOs -exposed soil to maintain fertility for future plant growth is important prior
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to environmental application. We seeded grass seeds on soil that had been saturated with HSOs~
solutions (0, 25, 125, and 250 mM) and measured the number and length of leaf blades at 5 and
10 d after seeding. The average length of blade for the three lowest concentrations of HSOs™ (0,
25, and 125 mM) did not differ (p >0.05, Figure 4). The highest concentration, 250 mM HSOs
which was double the concentration used in any PrP™" degradation experiments, had
significantly smaller average leaf blades at both 5 and 10 d after seeding (p <0.05, Figure 4).
However, importantly, we note that even in soil saturated with 10 times the required

concentration of HSOs needed to degrade PrP™"

, seeded grass was able to regrow.

4.4.7 Toxicity of peroxymonosulfate on grass. As an initial evaluation of the
toxicity of HSOs to environmental flora, we employed Kentucky Bluegrass sod as a
representative plant. Unbuffered or pH-buffered (sodium phosphate buffer, pH 6) HSOs™ solution
(0, 25, 125 and 250 mM) was applied (100 mL) to sections of sod once every two days for 9 d.
The number of green grass blades as a fraction of the control (0 mM HSOs") was recorded and
the sections were photographed (Figure 5B). Representative sections at day 9 are presented in
Figure 5A.

The sensitivity of grass to low pH was the impetus for buffering the HSOs to pH 6. We
had previously showed that pH does not appear to affect degradation of PrP">" by HSOs ™ (article
in prep; chapter 3) In considering this sensitivity, we determined the pH changes after HSOs™
exposure. In the presence of soil, pH decreased with increasing HSOs™ concentration (Figure 5C);
after 7 days saturation, soil solutions exposed to 25 mM HSOs had a stable pH of 6.5, 125 mM
had a stable pH of 5, and 250 mM HSOs had a stable pH of 4 (Figure 5C).

4.4.8 Environmental Implications. The optimization of immunoblot detection of

PrP™" and in vitro prion amplification by PMCA is useful beyond analysis of PrP">" degradation
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by HSOs or other decontamination tools; the ability to detect minute samples of naturally shed

PrP™" in the environment would be a significant advancement in the struggle to confine

geographic and horizontal spread of CWD. The impetus for the use of PMCA in detecting PrP">"

from soil matrices using amplification steps is because naturally amended soils are expected to

TSE

contain less PrP"”" than can be directly detected by biochemical means. Our results indicate that

TSE extracted from Elliot soil is possible to the 10'° dilution from CWD brain

amplification of PrP
tissue. Additionally, we show that HSOs is capable of degrading PrP™" and reducing in vitro
conversion by a factor of 10'’ in all soils tested. This level of inactivation, coupled with limited

toxicity to grass seeds after exposure, implies that HSOs is a promising oxidation tool for prion

degradation in environmental applications.
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4.7 TABLES
Buffer NaPO, Sarkosyl NP-40 pH Other
A 0.1 M 7.4
B 0.1 M 8
C 0.1 M 1% 7.4
D 8.23 McDougall’s buffer
E 7.4 PMCA buffer
F 0.1 M 1% 7.4
G 0.1 M 1% 8

Table 1. Extraction buffers. McDougall’s Buffer contains 117 mM NaHCOs, 17 mM
Na,HPOy4, 130 mM KCL, 8 mM NaCl, 1 mM MgSOs, 1.4 mM CaCl,. PMCA buffer contains 1%
Triton X-100 in Ca**- and Mg”'-free DPBS, pH 7.4 with 0.15 M NaCl, 5 mM EDTA, 0.05%

Saponin.



141

4.8 FIGURES
S
=
[
o
L¥)
s s 3
o o = - )
- B = o gL 3 > >
g = 5 B £ 7 5 B B
8 S & © o T U & &
3 P— 37 kDa
o a o =l
Ay oz . 82 32 3 3 S
e 2 2 § ® ® §5 § 25 kDa D
a = W o ©U © I I T
20 kDa s
15 kDa £
38 kDa v 10KDe &
o]
2
31 kDa
s C -
£
o 37 kDa ‘o
24 kDa 8
25kDa I
mAbs: Bar224 and 8G8 =
20 kDa £
0
15 kDa | — N
10 kDa

mAbs: Bar224 and 8G8

Figure 1. Degradation of CWD prions by peroxymonosulfate is not inhibited by
sorption to soils. Soils (50 pg) were incubated with 50 uL. CWD BH for 24 h and extracted using
1% Sarkosyl in 0.1 M NaPO, (pH 7.4, extraction buffer “F”). Prior to extraction, samples from each soil
were exposed to (A) 0, (B) 25, or (C) 125 mM peroxymonosulfate. Reactions were quenched with 1 M
Na,S,0;. Membranes were probed with mAb Bar224 and 8G8. (Indications: Site C topsoil, Clay

topsoil; Site C subsoil, Clay subsoil; Site S topsoil, Sandy topsoil; Site S subsoil, Sandy subsoil).
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P™E is reduced after 1 h exposure to

Figure 2. In vitro converting ability of CWD Pr
125 mM peroxymonosulfate. Soils (100 pg) were incubated with 50 uLL 10% CWD BH for
24 h. Each soil-PrP™" sample was exposed to a final concentration of 125 mM
peroxymonosulfate. Reactions were quenched with 1 M Na,S,03, PTA precipitated and
incubated for 2 h in 1:1 PMCA buffer (1% Triton X-100 in Ca*"- and Mg*"-free DPBS, pH 7.4
with 0.15 M NaCl, 5 mM EDTA, 0.05% Saponin; buffer “E’’) immunoblots represent the results
of (A) one, (B) two, and (C) three rounds of mbPMCA. Samples exposed to 0 mM

TSE without soil were serially diluted

peroxymonosulfate of Elliot soil-PrP™" and samples of PrP
and used as a positive control.The first lanes in A, B and C was from a sample from the
mbPMCA reaction that was not proteinase K digested and represents both prion protein
conformations (PrP™>* and PrP%). Membranes were probed with mAb Bar224 and 8GS8.
(Indications: Site C topsoil, Clay topsoil; Site C subsoil, Clay subsoil; Site S topsoil, Sandy

topsoil; Site S subsoil, Sandy subsoil).
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Figure 3. Colony forming units from soil after saturation in peroxymonosulfate.
Soils were exposed to HSOs™ (0 — 250 mM) for 2, 4, and 6 h at 100% wt/v. Samples of gravity-
settled supernatant (100 pL) from the top 25 mm were spread on 7.5% agar plates containing
0.3% beef extract and cultured at 36 °C. (A) Colonies were photographed and (B, C, and D)
counted after 24 hours. Each value represents the average of three replicates. Error is standard

deviation.
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Figure 4. Soil saturated with peroxymonosulfate was able to grow grass. Potting
soil was saturated (100% w/v) with unbuffered peroxymonosulfate (0mM, 25 mM, 125 mM, and
250 mM) for 48 h. Soils were drained overnight, potted in nine 4.2 x 4.2 cm seed starter pods per
treatment, each pod was seeded with 30 seeds and each treatment was watered with 50 mL
ultrapure water. After 5 and 10 days, the number and length of grass blades in each pod was
counted and measured. The data here represent the average length of leaf blade from each
treatment after 5 and 10 days. Each data point represents the average of each pod (9 per
treatment). No significance was seen between the three lowest concentrations. The 250 mM
treatment resulted in significantly shorter average grass blade lengths (p <0.01) compared to all

other groups for each time point.



147

(Unbuffered)
Day9  mmHso,

A s 1
2 0.9 (mM HSOy)
w
o o8 —35
T35 07 -
o5 " 125 Buffered at pH 6
@& 06
g 8 250
et
o5 0.5 S
&S 04
g8 =155 | Unbuffered, pH 2-3
—
)} 8 03 -
5 & 250
N 02 -
8 0.1
% .
= 0
1 3 5 7 9
Days
(new peroxymonosulfate (100mL) application at each time point)
B g
@ Water
® 04 ° A 25mMHSO,
L x A 125mMHSO,
. A A § A 250 mM HSO,
< ®
S 5- A L
L) s *
L .
a A K&
a
3 -
A
_ A
- A
1I1Illllt||II||I|II|IIII|II(1||III|
-5 0 5 10 15 20 25 30

Hours after exposure to soil

Figure 5. Sod toxicity (buffered and unbuffered). (A) Kentucky bluegrass sod was cut
into 12.5 cm x 12.5 cm squares and planted on 100 g wet weight potting soil and saturated with
ultrapure water. After 48 h acclimation, 100 mL peroxymonosulfate solution (0-250 mM,
buffered to pH 6 with phosphate where indicated) was added to each square (in 3 x 3 planting
grids). The percent of green grass blades was determined and an additional 100 mL of
peroxymonosulfate was applied every other day for nine days. The reactions were not

experimentally quenched. (B) Unbuffered peroxymonosulfate (0 mM, 25 mM, 125 mM, and 250
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mM) was applied to potting soil (100 % w/v) and the pH was measured at the indicated times

over 24 hours.
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4.9 APPENDIX

Supporting Information for Chapter 4
Extraction, detection, and decontamination of chronic wasting disease agent

from soil*

*A version of this chapter will be submitted to Environmental Science & Technology with
Johnson, C.J. and Pedersen, J.A. as co-authors
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Figure S1. Extracts from Elliot and Defore soils reduce PMCAb amplification of
PrP"sE, (A) Samples of Defore silty loam soil or Elliot soil (25 mg) were rinsed with ultrapure
water (200 pL each) with shaking 1,200 RPM for 2 h at room temperature. Samples were
centrifuged (1000g, 10 min), and the supernatant was removed and saved as water rinse. The
indicated buffers were added (200 pL) to each of the soil pellets and vortexed at 1,200 RPM (2
h, room temperature). Soil particles were sedimented (1000g, 10 min), and the supernatants were
retained. Extractions were done in triplicate, and 100 puL of each extraction and the water rinses
were used to assay the absorbance at A = 465 nm. Absorbances were compared to dilution series

of Elliot soil humic acid in each of the above buffers and concentration of humic acid calculated
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for each of the buffer extractions. Shown are the mean humic acid concentrations for the

three replicates with the standard deviations for each. (B) Extracts (20 pL) were mixed with PK-
treated brain homogenate from an end-stage CWD infected deer (10 pL) and allowed to interact
for 2 h at room temperature. Each sample was boiled for 15 min with 10 pL. LDS sample buffer
containing reducing agent. An 18-uL aliquot of each sample was resolved on a 15 well 10%
NuPAGE gel, transferred to PVDF and PrP was detected using Bar 224 and 8G8 mAbs. (C) An
8-uL aliquot of each extract was mixed with 2 pL of 0.4% CWD BH from an end-stage CWD
positive wt/wt deer. NBH (90 puL) was added with two Teflon® beads in a 200-pL thin-walled
PCR tube. Samples were sonicated for 96 cycles (30 s sonication with 1770 s incubation at 37 °C

res

between sonications). PrP™ was detected by immunoblotting with antibodies 8 G8 and Bar224.
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Figure S2. Effect of extractant on detection of PrP™F

extracted from soil by (A)
immunoblotting or (B) protein misfolding cyclic amplification. (A) PK-treated 10%
CWD+ white-tailed deer brain homogenate (40 pL) was adsorbed to 25 mg Elliot silt loam soil
in 100 pL ultrapure water for 24 h followed by a 2-h desorption step in 100 pL water (to remove

any non-adsorbed unbound PrP™"

) and extraction at room temperature with 200 uL extraction
buffer (indicated). Eluates were PTA-precipitated and suspended in 100 pnL. PMCA buffer prior
to detection by immunoblotting. (B) Extraction buffers (8 pL) were mixed with 2 pL dilutions of
CWD BH equivalent to 0.4% from an end-stage CWD positive wt/wt deer. NBH (90 pL) was
added with two Teflon® beads in a 200-uL thin-walled PCR tubes. Samples were subjected to
96 cycles of PMCAD (one cycle consisted of 30 s sonication followed by 27 min 30 s incubation

at 37 °C). (A & B) PrP™ was detected by immunoblotting with antibodies 8G8 and Bar224.

MWM, molecular weight marker.
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Figure S3. Effect of humic acid (HA) or fulvic acid (FA) on amplification of PrP™E

by PMCADb. Prions (10% CWD brain homogenate) were diluted using four serial fivefold
dilutions in NBH. The seed dilution (2 uL) was transferred into 36 L. NBH with saponin, and 2
pL humic acid (dissolved in ultrapure water) was added for a total mass of 5, 2.5, 1.5, 1.25, 1,
0.75, 0.5, 0.25, 0.15, 0.1, 0.05 or 0 pg Elliot Soil HA, Suwanee River HA, Leonardite HA,
Pahokee Pete HA, or Suwannee River FA. Controls lacked infectious seeds and contained 5 or
0.05 pg humic or fulvic acid. All samples were subjected to a single round of mbPMCA for 96
cycles. (A) Densitometry was measured with Image] and represents the intensity of PrP
immunoblot signal as a fraction of the control (0 pg humic or fulvic acid). (B).Immunoblots

shown are representative of three replicates and are probed with mAbs Bar224 and 8GS.
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Figure S4. PTA precipitation coupled with PMCADb reduce the inhibitory effect of
soil extracts on PMCA. After PTA precipitation, 10 uL samples from extractions using each

buffer were added to a PMCAD reaction. Extraction buffers are listed in Table 1. NBH carrier

TSE

was uninfected brain homogenate added to PrP">" prior to PTA precipitation. Samples were

added with two Teflon® beads in a 200-pL thin-walled PCR tubes. Samples were sonicated for

96 cycles (30 s sonication with 27:30 incubation at 37 °C between sonications). PrP™ was

detected using immunoblotting with antibodies 8 G8 and Bar224.
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Chapter 5

Microparticles Alter Early Disease Tissue Tropism and Accumulation of Chronic
Wasting Disease Prions in White-Tailed Deer*

Microparticles Alter Early Prion Disease Pathogenesis

*A version of this chapter will be submitted to PLoS Pathogens with Johnson, C.J.,
Nichols, T.A., Kornely, H.J., Shoukfeh, D., and Pedersen, J.A. as co-authors.

* Guilherme Ludwig assisted with statistical analysis
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5.1 ABSTRACT

Environmental reservoirs of infectivity contribute to the spread of prion diseases of sheep
and of North American members of the deer family (cervids). Soil has been implicated in the
environmental transmission of both diseases. Oral transmission of prion disease in the hamster
model can be enhanced when the disease agent is bound to mineral microparticles present in
soils. The layered aluminosilicate mineral montmorillonite exhibited the strongest potentiation of
disease transmission in hamsters of the particles studied to date. The digestive systems of
ruminants and hamsters differ, leaving open the question of whether the enhanced transmission
of disease by microparticle-bound prions observed in rodents also occurs in ruminants. Here, we
tested the hypothesis that association of cervid chronic wasting disease (CWD) prions with
montmorillonite microparticles alters the early tissue tropism and accumulation of the disease
agent following oral inoculation of white-tailed deer (Odocoileus virginianus). At 42 days post
inoculation (dpi), pathogenic prion protein (PrP">F) accumulated to a larger extent in lymphatic
and ileal tissues and was present at detectable levels in more tissues in animals orally inoculated
with prions associated with montmorillonite microparticles relative to those inoculated with
prions alone as determined by microplate-based protein misfolding cyclic amplification. Only
deer inoculated with CWD agent associated with montmorillonite had detectable PrP™>" in in the
palantine tonsil at 42 dpi. These findings indicate enhanced oral transmission of CWD by
montmorillonite-bound prions consistent with prior findings in rodent models. The potentiation
of disease transmission by the association of CWD prions with microparticles warrants

consideration in evaluating the relative importance of direct and indirect disease transmission

and in developing strategies to manage CWD in free-ranging and captive cervid populations.
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5.2 AUTHOR SUMMARY

Prion diseases affect a variety of mammalian species, including humans. Prions are
unique infectious agents composed predominately, if not solely, of misfolded forms of the
normally benign prion protein. Chronic wasting disease (CWD) is a prion disease that affects
North American members of the deer family. A distinctive aspect of CWD is that environmental
routes contribute to transmission of the disease. Soil is considered a plausible reservoir of prion
infectivity in the environment. We previously demonstrated that when bound to certain
microparticles found in soil, disease transmission is enhanced in a rodent model upon oral
exposure. In this work we show that the enhancement of disease transmission by microparticle-
bound prions extends to deer. When CWD prions associated with the common clay mineral
montmorillonite are orally administered to white-tailed deer, the infectious agent accumulates to
a larger extent and in more tissues during early stages of the disease relative to deer inoculated
with prions alone. Enhanced transmission of microparticle-bound CWD agent warrants
consideration in modeling disease dynamics and in designing strategies to limit the spread of the

disease.



159
5.3 INTRODUCTION

Prions are the etiological agents in transmissible spongiform encephalopathies (TSEs), a
class of inevitably fatal, progressive neurodegenerative diseases.”” > These diseases affect cattle
(bovine spongiform encephalopathy; BSE), scrapie (sheep and goats), North American cervids
(chronic wasting disease; CWD), and humans (e.g., Creutzfeldt-Jakob disease (CJD), and kuru).'
Substantial evidence implicates consumption of BSE-contaminated beef in the acquisition of
variant CJD,’ raising concern about the zoonotic potential of other prion diseases. Prions are
composed primarily, if not solely, of misfolded conformers of the prion protein (PrP)."" * The
central molecular event underlying the progression of these diseases is the seeded or template-
driven conformational conversion of the benign, normally folded conformer (PrP%) to disease-
associated forms (PrP™") and subsequent assembly into P-sheet-rich aggregates.” The
conformational changes alter the susceptibility of the protein to proteolysis® ’ and confers
remarkable resistance to decontamination methods that are effective against conventional
pathogens, including boiling, autoclaving, or treatment with alcohols or formalin.®

Chronic wasting disease, initially believed to be isolated to the front range of the Rocky
Mountains in Colorado and Wyoming, has spread dramatically across North America. Animals

infected with CWD shed prions into the environment during the course of disease, including the

11 12-15

re-symptomatic stage though saliva,” "' urine,'’ feces, and antler velvet.'® Prions can also
pre-symp g g

enter the environment via decomposition of infected animal carcasses'’ and in blood shed from
wounds.” For both CWD and scrapie, environmental reservoirs of infectivity contribute to

. . .. 17-19
horizontal disease transmission.!’

Prions are resistant to many decontamination methods
effective against conventional pathogens and can retain infectivity after exposure to alcohols,

formalin, and standard autoclaving conditions.® The stability of prions contributes to their
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20, 21

persistence in the environment and thus their transmission to naive hosts. Under at least

some conditions, prion infectivity can persist in the environment for over a decade.”” Prions
released to soil environments are expected to associate strongly with soil particle surfaces.”™’
Although vertical movement appears to be limited,” a potential consequence of prion attachment
to clay particles may result in transport in overland flow to streams, resulting in movement to
distant locations.”

Soil has been implicated in transmission of CWD and scrapie.”” > Association of prions
with microparticles in soils or used as food and feed additives can enhance the oral transmission

23-25

of prion disease in rodent (hamster) models. These microparticles include the aluminosilicate

clay minerals montmorillonite and kaolinite, silicon dioxide, and meat and bone meal

microparticles.” >

The digestive systems of hamsters and ruminants such as cervids differ.
Hamsters possess a non-glandular forestomach, glandular stomach compartment, and a large
cecum. Cervids have a four-chambered stomach comprised of the rumen, reticulum, omasum,
and abomasum.’> Whether the enhanced transmission of TSE by prions associated with
microparticles occurs in cervids has not been investigated.

The objective of this study was to test the hypothesis that association of CWD agent with
microparticles alters the early tissue tropism and accumulation of prions following oral
inoculation of white-tailed deer (Odocoileus virginianus). To accomplish this objective, we used
montmorillonite as a model because microparticles of this aluminosilicate mineral produced the

23 24 White-tailed deer fawns were

largest enhancement of disease transmission in prior studies.
orally inoculated with CWD PrP™" either bound to montmorillonite microparticles or in the

absence of microparticles. Tissues were harvested at 42 days post infection (dpi), and the

accumulation of prions in tissues was examined by microplate-based protein misfolding cyclic
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amplification (mbPMCA)> and immunohistochemistry (IHC). Oral exposure to CWD agent

associated with Mte altered early tissue tropism (prions accumulated in the palatine tonsils only
in those animals orally exposed to CWD agent + montmorillonite) and in substantially higher

TSE

accumulation of PrP " in retropharyngeal and submandibular lymph nodes relative to deer

TSE

exposed to PrP >" alone. These observations are consistent with enhanced transmission of CWD

by prions associated with microparticles and could help explain the efficiency of environmental

transmission of this disease.!” "’

5.4 MATERIALS AND METHODS

5.4.1 Ethics Statement. All procedures involving animals were approved by the
Institutional Animal Care and Use Committee of the University of Wisconsin, Madison
(Assurance Number A3464-01) and the Institutional Animal Care and Use Committee (protocol
# QA-2004) at the USDA National Wildlife Research Center in accordance with the USDA
Animal Welfare Act Regulation. CFR, title 9, chapter 1, subchapter A, parts 1-4.

5.4.2 Preparation of inoculum and oral dosing of white-tailed deer fawns.
Brain tissue was isolated from a homozygous wild-type (95QQ 96GG) white-tailed deer that had
been experimentally infected with CWD prions via the oral route and showed clinical symptoms
of CWD prior to euthanization.>* Brain tissue was homogenized in 1x Dulbecco’s phosphate
buffered saline (PBS) without Ca*" or Mg2+ (137 mM NacCl, 8.1 mM HPO4*", 1.47 mM H,POu;
pH 7) to a concentration of 10% w/v and stored at —80 °C until use. Two CWD-positive inocula
were prepared: 10% brain homogenate from a CWD-positive white-tailed deer with or without
montmorillonite (Mte) microparticles. For the negative control deer, we prepared 10% w/v brain
homogenate from a CWD-negative control white-tailed deer and administered it without

montmorillonite microparticles. Brain homogenate samples were clarified by centrifugation (2
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min, 1000g) prior to inoculum preparation. The montmorillonite (SWy-2, Crook County,
Wyoming, USA; Clay Minerals Society Source Clays Repository, West Lafayette, Indiana,
United States) was size-fractionated by wet sedimentation to obtain particles with hydrodynamic
diameters of 0.5-2 um and homoionized with sodium as previously described.” Brain
homogenates for the inoculum containing montmorillonite were prepared by allowing PrP™>" to
adsorb to 0.1% Mte for 4 h with shaking at ambient temperature. These samples were then
centrifuged over a 1 M sucrose cushion containing 10 mM NacCl to separate montmorillonite-
bound from free prions.”

Seven white-tailed deer were purchased from a CWD-free, private deer facility in
Missouri, USA and transported to the USDA National Wildlife Research Center (NWRC) in Fort
Collins, CO for the study. Fawns were between 2 and 14 days of age upon arrival, were bottle-
fed and weaned by 16 weeks of age. Deer were orally inoculated with 130 mL of normal brain
homogenate or normal brain homogenate containing 10 mL of a 10% CWD+ brain homogenate
(equivalent to 1 g brain tissue) with or without montmorillonite at 3 months of age via syringe by
inserting tubing through the diastema into the oral cavity. Fawns were genotyped at codon 95
and 96 by the USDA Agricultural Research Laboratory in Pullman, WA. All deer were
homozygous wild-type (QQ)** at codon 95, and either GS or GG at codon 96. Both genotypes
were represented in each treatment group (Table 1): one GS and two GG deer. The control
animal was GS at codon 96. After 42 d, animals were euthanized and tissues (Table S1) were

harvested. Tissues were halved; one half was fixed in buffered formalin for 2 weeks, and the

other was frozen in liquid nitrogen and stored at —80 °C until use.

5.4.3 Tissue homogenization and phosphotungstic acid precipitation.

Tissues were homogenized to a 10 % w/vol concentration in DPBS (pH 7.4) containing Roche
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complete protease inhibitor in a Fastprep 24 bead beater using 2 mm glass beads and 1.6 mm
silicon carbide particles. Sodium N-lauroylsarcosinate (sarkosyl) was added to a final
concentration of 1%, and samples were incubated for 1 h under constant mild agitation. Tissue
homogenates were centrifuged (60 min, 15000g, 10 °C), the supernatant was transferred and
centrifuged again under the same conditions. After the second centrifugation, the supernatant
was removed and diluted 1:1 with DPBS (15 mM KH,PO,4, 81 mM Na,HPO,4, 137 mM NaCl,
and 3 mM KCl) containing 4% sarkosyl. Sodium phosphotungstic acid (4% with 170 mM MgCl)
was added to a final concentration of 0.57% and incubated overnight at 37 °C. After
precipitation, samples were centrifuged (30 min, 15000g, room temperature). The pellet was
washed once with 200 uLL PBS, 0.1% sarkosyl and 50 pL. 250 mM EDTA and centrifuged (10
min, 16000g). Pellets were resuspended in PMCA buffer (150 mM NaCl, 4 mM EDTA, pH 8.0,

1% (v/v) Triton X-100 and miniprotease inhibitor) and brought to 100 pL.

5.4.4 Microplate-based protein misfolding cyclic amplification. Microplate-
based protein misfolding cyclic amplification (mbPMCA) was conducted according to our
previously published PMCADb protocol*® adapted to a microplate format.*® Uninfected transgenic
mouse ((Tg(CerPrP)1536+/O)37 brain homogenate served as the substrate for the PMCA reaction.
Transgenic mice (cared for in accordance with protocols approved by the Institutional Animal
Care and Use Committee of the University of Wisconsin, Madison (Assurance Number A3464-
01)) were euthanized by CO, asphyxiation and immediately perfused with 1x modified
Dulbecco's phosphate buffered saline without Ca* or Mg*" (Thermo Scientific, amended with 5
mM EDTA). Brains were then rapidly removed, flash frozen in liquid nitrogen, and stored at —80
°C until use. Brains were homogenized on ice to 10% (w/v) in PMCA conversion buffer (Ca**-

and Mg”"-free DPBS supplemented with 150 mM NaCl, 1% Triton X-100, 0.05% saponin
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(Mallinckrodt), 5 mM EDTA, and one tablet Roche Complete EDTA-free protease inhibitors

cocktail (Fisher) per 50 mL conversion buffer). Brain homogenates were clarified by
centrifugation (2 min, 2,000g). Supernatant was transferred to pre-chilled microcentrifuge tubes,

flash frozen in liquid nitrogen, and stored at —80 °C until use.

Positive control samples for mbPMCA were made from a 10% CWD BH diluted five-
fold in series. Briefly, a dilution series was prepared from clinically affected white-tailed deer™*
by serial five-fold dilution of 10% BH in normal brain homogenate (NBH) to generate a dilution
series. Samples from the dilution series were used to seed 36 uL. NBH (4 pL seed) in a 96-well
PCR microplate (Axygen, Union City, CA, USA).

Microplates containing samples for mbPMCA were placed in a rack in a Misonix S-4000
microplate horn, and the reservoir was filled with ultrapure water (18.2 MQ-cm resistivity,
Barnstead GenPure Pro). Each round of mbPMCA consisted of 96 cycles of 30 s sonication (40-
60% of maximum power) and 29 min, 30 s incubation (37 °C). At the completion of 96 cycles,
20 pL of each sample was digested with PK (50 pg'mL™”, 1 h, 37 °C) and prepared for SDS-
PAGE for detection by immunoblotting. For serial mbPMCA, 4 pL of the reaction mixture was
transferred to fresh NBH to seed a new round.

Samples were prepared for SDS-PAGE by adding NuPAGE lithium dodecyl sulfate
sample buffer (7.5 pL) and NuPAGE sample reducing agent (2.5 pL) containing 500 mM
dithiothreitol (Invitrogen), and heating for 10 min to 100 °C. Protein samples were fractionated
on 12% bis-tris polyacrylamide gels (Invitrogen) and electrotransferred to 0.45 pm polyvinyl
difluoride membranes. Membranes were blocked in 5% non-fat dry milk in Tris-buffered saline
containing 0.1% Tween 20 (overnight, 4 °C). PrP was probed with mAb 8G8 (1:10,000 dilution,

Cayman Chemical) and Bar224 (1:5000 dilution, Cayman Chemical). Detection was achieved
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with HRP-conjugated goat anti-mouse immunoglobulin G (1:10,000; BioRad) and Super Signal

West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL).

5.4.5 Immunohistochemistry. Immunohistochemical staining was performed by the
Wisconsin Veterinary Diagnostic Laboratory. Tissues fixed in formalin were dehydrated,
embedded in paraffin, sectioned via microtome (5 um thickness), placed on positively charged
slides, deparaffinized, and rehydrated. Antigen retrieval was performed by hydrated autoclaving
in retrieval buffer using the PrP specific Anti-Prion 99 antibody (Roche-Ventana, Cat#
06914713001), and a biotinylated secondary goat anti-mouse antibody, followed by horseradish
peroxidase-streptavidin conjugate, chromagen substrate and hematoxylin counterstain. Three
blinded evaluators, unfamiliar with the study, assessed the stained tissue sections. Tissue sections
were assigned a ranking of 0 (“staining absent”) to 4 (“strong staining”), with zero denoting a
complete lack of PrP staining (minus obvious background) and four indicating intense PrP
signal. Scores were averaged among evaluators and divided by the maximum score (4), to arrive

at a normalized IHC score between 0 and 1.

5.4.6 Data and Statistical Analysis. The comparison of treatment in regard to prion
detection was computed using Fisher’s exact test. Prion detection as a relative value was
computed based on the round of mbPMCA where detection was first seen; a relative PMCA
detection value is calculated as the mbPMCA round where detection is first seen, subtracted
from the total number of rounds (4), plus one. No detection was indicated with a relative
detection value of 0. The nonparametric Kruskal-Wallis H test was used to test differences
among medians with Dunn’s correction; pair-wise comparisons were made using the
nonparametric Mann-Whitney U test with Bonferroni’s correction. The significance level was set

at o= 0.05.
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5.5 RESULTS

At 42 days after oral inoculation, tissues were collected (Table S1) from six
asymptomatic white-tailed deer that had been orally inoculated with CWD-infected brain
homogenate (BH; 10% w/v in 1x phosphate-buffered saline, PBS) with (n = 3) or without (n = 3)
0.1% wt/vol Mte as well as from a control animal given BH (10% w/v in 1x PBS) generated
from a CWD-negative white-tailed deer. Pathogenic prion protein accumulated to a larger extent
in lymphatic and ileal tissues and was present at detectable levels in more tissues in animals

orally inoculated with PrP™"

associated with montmorillonite (Mte) microparticles relative to
those inoculated with PrP™" alone (p =0.0039, Fisher’s exact test, Table 1). An odds ratio from
Fisher’s exact test of 4.0690 indicates that it is 4 times more likely to detect prions in the tissues
from the deer inoculated with Mte than from the deer inoculated with only CWD BH.
Association of CWD prions with microparticles in the inoculum resulted in detection of PrP™"
in a larger number of tissues in CWD-infected white-tailed deer than in deer challenged with
CWD prions alone. Detectable PrP™" was present in the retropharyngeal (RPLN) and
submandibular (SMLN) lymph nodes, and in the ileum of deer orally exposed to CWD prions in
the absence or presence of montmorillonite (Table 1). All animals orally inoculated with CWD
agent (£ montmorillonite) had detectable PrP™" in the RPLN. Detectable PrP™" was present in
the SMLN of all deer inoculate with CWD agent bound to Mte, but in only one animal

TSE

inoculated with PrP > alone (one of three replicate samples). Only deer inoculated with CWD

agent associated with montmorillonite had detectable PrP™>"

in the palantine tonsil (two of three
animals, both 96GG; Table 1). Furthermore, PrP™F was detected in earlier rounds of mbPMCA

and in more replicates in lymph nodes and the palatine tonsil when inoculated with

microparticles, indicating enhanced accumulation (Table 1). Pathogenic prion protein was
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detected in the ilea of all deer inoculated with PrP™" associated with montmorillonite, and in

TSE TSE

two of three animals inoculated with PrP >" alone. Control deer did not exhibit PrP">" in any
analyzed tissues.

The round of mbPMCA in which PrP"™" was first detected for each sample provides an
estimate the amount of prion accumulation in each tissue. Samples in which PrP™" is detectable
in the first round of mbPMCA contain more prions than do samples for which detection is first
achieved in subsequent rounds. In Figure 1, we express the amount of pathogenic prion protein

in a tissue sample in a manner yielding a higher value for detection at an earlier round of

mbPMCA, which corresponds to a larger amount of PrP™". The relative amount of PrP™" is

calculated as the round of first detection subtracted from the total number of rounds (4) plus one,

TSE + Mte treatment

with no detection assigned a value of zero. The median values for the PrP
differed from the control treatment for the RPLN (p = 0.013, Kruskal Wallis with Dunn’s post
hoc correction; Figure 1A) and the two experimental treatments differed for the SMLN (p =
0.005, Kruskal Wallis with Dunn’s post hoc correction; Figure 1B). Prions were detected in the
palatine tonsil from only animals inoculated with prions associated with montmorillonite (Figure
1C). The experimental treatments for the ileum and palatine tonsil did not differ in the round of
first detection of PrP™>F (p > 0.05; Figure 1D).

The PrP™" in tissues positive for CWD prions by mbPMCA were not detectable by
immunohistochemical analysis (Figure S1). Three independent evaluators blind to the study
reviewed and ranked stained tissues. All experimental tissues, including those from the control
animal, had no staining that would be considered indicative of accumulation of PrP™". This

result is consistent with previous reports of the higher sensitivity of serial PMCA relative to

IHC 38,39
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To allow an estimation of the amounts of PrP™" in tissue samples, we analyzed dilutions
of CWD-infected brain tissue by mbPMCA in parallel with experimental samples (Figure S2A).

TSE

Comparison of the round at which PrP > was first detected in a tissue against the dilution series

provided an estimate of the amount of PrP™"

in terms of an equivalent dilution of brain tissue
from a clinical CWD-infected white-tailed deer (Figure S2B). Results from this analysis are
presented in Figure 2 and clearly indicate higher prion accumulation in tissues from animals
dosed with CWD prions associated with montmorillonite microparticles compared to those
inoculated with CWD prions alone. Accumulation of PrP™" differed between treatment groups
(p = 0.0086, Kruskal-Wallis H test with Dunn’s multiple comparison’s test), with significantly
larger amounts of prions detected in tissues from deer given the CWD BH inoculum containing
microparticles compared to detection in tissues from deer in the control treatment (p =0.0081,
Mann-Whitney U with Bonferroni’s correction). Differences in PrP™" accumulation based on

tissue types, excluding treatment type, were not significant. These comparisons are presented

graphically in Figure S4.

5.6 DISCUSSION

Association of prions with mineral microparticles can enhance disease transmission in the
hamster model.”>* In this contribution, we investigated early tissue accumulation patterns of
PrP™" in white-tailed deer orally inoculated with CWD prions alone or bound to
montmorillonite microparticles. Microplate-based PMCA,*> ** a new, high-throughput variation
of bead-assisted PMCA,* > *! allowed detection of differences in prion accumulation patterns in
tissues of white-tailed deer between the two treatments 42 days after oral inoculation with CWD

agent. At 42 dpi, PrP™" was detected in the ileum, RPLN, and SMLN in animals in both
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treatment groups with higher accumulation the RPLN and SMLN in animals in the prion +

TSE
\%4

montmorillonite treatment than in the group receiving prions alone. Furthermore, PrP as

detected in the palatine tonsils from two deer in the treatment group inoculated with CWD agent

TSE

bound to montmorillonite. Detection of PrP in the RPLN and ileal tissue of the deer is in

agreement with prior work using THC to investigate the tissue tropism of PrP™" in mule deer
orally inoculated with CWD agent (inoculated with 10x more CWD-infected brain homogenate

than used in the present study).* To our knowledge, the detection of PrP™>"

in the palatine tonsil
and SMLN at 42 dpi represents the earliest detection of prion accumulation in these tissues in
deer inoculated by the oral route. In the study mentioned above, PrP™>" was first detected in the
tonsil of orally inoculated mule deer at 78 dpi (in one of 205 follicles examined) and was not
detected in the SMLN of any animal (maximum 80 dpi investigated).”” Alimentary tract-
associated lymphoid tissue, including the palatine tonsils, retropharyngeal lymph nodes, and
intestinal lymphoid tissue, has long been implicated as the primary route of prion uptake and
early prion replication sites.** Our results confirm the RPLN as a site of early accumulation of

CWD prions in orally inoculated cervids,** and demonstrates that SMLN and palatine tonsils can

also figure importantly in early disease pathogenesis. Tonsil-derived human follicular dendritic-

TSE TSE

like cells resist prion infection by trafficking PrP™" to lysosomes.*® The association of PrP
with montmorillonite microparticles may interfere with this trafficking. Uptake of prions through
the intestine does not appear to be necessary to initiate disease via the oral route; scrapie prions
injected into the palatine tonsils of sheep caused widespread prion replication throughout the
body and subsequent neuroinvasion.*’

All deer used in the study were homozygous at codon 95 (95QQ). Deer homozygous for

glycine (96GG) and heterozygous at this position (96GS) were represented in each treatment



170

TSE {0 smaller extent than did

group (Table 1). The 96GS individuals appeared to accumulate PrP
the 96GG animals, but the restricted sample sizes used in this study preclude statistically testing
the hypothesis that tissue accumulation differed between animals with these genotypes. We note
that upon intranasal inoculation, white-tailed deer with the 96GG PRNP genotype had a broader
PrP™" distribution, measured by IHC-positive follicles in the SMLN, RPLN, parotid lymph
nodes, palatine tonsils and Peyer’s patches during the asymptomatic stage compared to 96GS
deer.*

The PRNP genotype at codon 96 influences detection of PrP™" by PMCA. A study
comparing detection of PrP™>" by PMCA and IHC suggested that PMCA was the more sensitive
technique for 96GG but not for 96GS white-tailed deer, although the comparison of PMCA and
IHC detection of 96GS deer was constrained by sample size.”® The effect of PrP primary

TSE in the tissues and

sequence on PMCA may have been due to sequence mismatch between PrP
PrP¢ used as substrate in the PMCA reaction. The primary sequence of PrP influences
susceptibility to TSE infection in vivo ****** and the efficiency of PMCA in vitro.”' If the PRNP
genotype of deer included in our study influenced the efficiency of mbPMCA, the tissues of the

TSE than our results indicate.

96GS animals may have harbored higher levels of PrP

Potential explanations for enhanced transmission of prions bound to montmorillonite
microparticles include protection from degradation in the gastrointestinal tract, induction of
inflammation in the intestinal tract, increased residence time in the gastrointestinal tract, and
enhanced sampling by alimentary-tract associated lymphatic tissue. Experiments using an in
vitro rumen model suggest that prions resist degradation in this intestinal digestive compartment
whether or not they are bound to soil particles.’® This is consistent with our results where the

detection of PrP™E is similar between the two control groups in the ileum.
group
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Inflammation can enhance or alter prion disease progression,”® possibly by inducing the
release of tight junction proteins and increasing initial PrP™>" uptake across the epithelium by

45, 55
’ To our

protruding, PrP%rich dendritic cells sampling the intestinal lumen contents.
knowledge, no published studies have suggested that smectite particles (e.g., montmorillonite)
induce intestinal inflammation. To the contrary, Ca*"-montmorillonite particles do not promote
inflammation in healthy humans >’ and have been shown to adsorb inflammatory proteins and
diminish inflammation in a rodent model.”® > Furthermore, montmorillonite does not alter
intestinal permeability in weanling pigs,”’ and has been shown to counteract the intestinal
disruption caused by the pro-inflammatory cytokine tumor necrosis factor-a in intestinal
inflammation.®' Oral administration of montmorillonite alone is therefore not expected to induce
intestinal inflammation. In the present study, the montmorillonite microparticles were coated in
biomolecules from PK-digested brain homogenate, altering the surface properties of the
particles. Whether montmorillonite particles bearing such a coating would induce inflammation
awaits experimental determination. We note that whereas neither dietary TiO, microparticles nor
a high dose bacterial lipopolysaccharide alone induced inflammatory response in human
intestinal organ cultures, when administered together with sufficient calcium, concentrations of
the pro-inflammatory cytokine IL1-B were increased.®

Smectites have been previously investigated for reducing the duration of diarrhea in

639% and has been shown to increase the adsorptive capacity of the intestinal lumen.®

children,
These studies show that, in addition to decreasing the duration of intestinal evacuation events
without increasing the permeability of the epithelium,®’ smectites adsored pathogens such as

rotavirus and other diarrhea-inducing agents.® Indigestible endogenous microparticles engulfed

by macrophages in intestinal tissues are retained in the immobilized cells.®*®” Adsorption of
y phag rp
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cations to the surface of ingested microparticles may facilitate the binding of organic molecules,
such as proteins.”® Prions associated with these microparticles could in principle have a longer
residence time in the intestine than un-bound prions, reducing elimination through the intestines
and increasing the potential for uptake of both prion and microparticle into intestinal tissue rich
with M-cell lymphoid aggregates (e.g., Peyer’s patches in the small intestine).®>%

In deer, prions accumulate in the lymphatic system, including lymph nodes and the
spleen, prior to accumulation in neural tissue.** Lymphatic intestinal sampling may select
exogenous aluminosilicate microparticles.”> The detection of prions in the palatine tonsils from
deer dosed with montmorillonite may indicate that sampling occurs in the oral cavity and is
enhanced when prions are bound to microparticles. Prions accumulate in nasal mucosa-
associated lymphoid tissue and SMLN of Syrian hamsters as early as 4 weeks after inoculation
via the nasal cavity.” Accumulation of prions in the palatine tonsil and the proximity of this
mucosa-associated lymphoid tissue to the salivary glands may lead to increased prion shedding
in saliva. Determining the relationship between prion accumulation in tonsils and shedding of
prions in saliva requires additional research; the presence of prions in the palatine tonsil early in
pathogenogensis suggests that soil microparticles may expedite the re-entry of prions into the
environment.

PMCA is an extremely sensitive method for detecting PrP™>" """ Relatively few
comparisons with [HC have been published. The present study shows that mbPMCA is more
sensitive than IHC in RPLN and SMLN, palatine tonsils, and ileal tissues. Although the highest
dilution of CWD-positive brain homogenate detectable in the first to third rounds may vary, we

are able to routinely detect the 10" dilution from CWD BH (18" 5-fold dilution of 10% CWD

BH) after four rounds of mbPMCA. No further detection occurred in the fifth round (Figure S2).
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We expected mbPMCA to be more sensitive than immunohistochemistry (IHC) to

determine prion accumulations in tissues. Significantly earlier detection of CWD prions in white-
tailed deer by serial PMCA compared to IHC (mean of 2.78 months) has been reported, although
the genotype at codon 96 influenced the result; heterozygous 96GS deer exhibited congruous
PrP™" detection by both serial PMCA and IHC.*” We found that mbPMCA to be more sensitive
than THC by at least a factor of 10°?, as calculated by the smallest corresponding brain dilution
that was positive by mbPMCA. mbPMCA resulted in detection of CWD PrP"™" in multiple tissue
types that were negative by IHC (Figures 2, S1). In our IHC examination of the lymph nodes and
tonsils, particular attention was directed toward the nodular geminal centers of the cortex and
medulla. In the ileal tissues, gut-associated lymphoid tissue was inspected in addition to
intestinal crypts. No prion antibody staining was determined for any tissue at 42 dpi.

At 42 dpi CWD prions were present in more tissues and at higher concentrations in the
fawns dosed with prions associated with montmorillonite microparticles than in those inoculated
with prions alone. This finding is consistent with the enhanced transmission of prion disease in
hamsters when the agent is bound to montmorillonite (and other microparticles).”>** These data
suggest that soil and dietary microparticles may have a similar effect on transmission and early
disease pathogenesis in deer, although differences in particle size, shape, and surface chemistry
may influence the effect of particles in disease transmission. We note is that humans consume

. . . . .. 66.72
exogenous microparticles via food and pharmaceutical additives °*’

at a rate of ~40 mg/d
(approximately 10'* particles/d).®> Although microparticles have not been implicated in the
transmission of human TSEs, our data suggest that investigation of microparticles as a risk factor

in oral TSE acquisition is warranted. Contamination of soil environments with CWD prions has

been proposed to contribute to the spread and maintenance of the disease in both wild and
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captive cervid populations.'””° Our results suggest that management decisions must consider the
role local soils may play in CWD transmission and pathogenesis, of shed infectious agent in the

environment.
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5.9 TABLES

Table 1. Prions were detected in four of eleven tissues tested at 42 dpi.

Inoculum Mte PRNP Sex Retropharyngeal Palatine Submandibular
Genotype Lymph Node Tonsil Lymph Node lleum
(codon 96) n=4 n=3 n=3 n=4
Uninfected BH - GS F - S
CWD BH - GG M 4,-,-- S 235 e
CWD BH = GG F 2,2,3,- = 3,-,- 23,3,-
CWD BH - GS F 4,-,-,- S5 2= 2,2,--
CwbD BH + GS F 2,2,2,- = 23,3 3,4,-,-
CwbD BH + GG F 1,2,2,2 2,2,- 3,3,- 1,2,2,-
CwbD BH + GG F 1,2,-,- 2,-- 3,3,- 3,0

Abbreviations: Mte, montmorillonite; PRNP, prion protein gene; BH, brain homogenate; n, number of
individual samples tested for each tissue type listed.

Numbers indicate first round of mbPMCA (out of 4) where sample was positive by Western blot.
Information represented graphically in Figure S3.

PRNP genotype at codon 96 is reported; genotype at codon 95 was QQ for all animals.
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Figure 1. Accumulation of disease-associated prion protein (PrP™F) is higher in
white-tailed deer orally exposed to chronic wasting disease (CWD) prions +
montmorillonite (Mte) relative to those inoculated with prions alone. The round of
microplate-based protein misfolding cyclic amplification (PMCA) in which PrP™" was first

detected in samples was subtracted from the maximum number of roundsr (4), plus one to yield a

metric reflecting the relative amount of PrP'F. Each dot denotes a replicate sample. No
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detection was assigned a value of zero. Lines indicate median values; differences among medians
were tested by the nonparametric Kruskal-Wallis H test for each tissue with Dunn's multiple-
comparison posttest and pair-wise comparisons were made with one tailed Mann-Whitney U test

(*, p <0.05).
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Figure 2. The amount of prions was higher in animals inoculated with chronic
wasting disease (CWD) prions associated with montmorillonite (Mte)
microparticles than in those dosed with CWD prions alone. The axis expresses
amount of prions as an equivalent dilution of deer brain tissue from a clinical CWD-infected
white-tailed deer (Figure S2). Details of the analysis are described in the text. Values represent

means of all replicates for each tissue type per animal.
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5.10 APPENDIX

Supporting Information for Chapter 5

Microparticles Alter Early Disease Tissue Tropism and Accumulation of Chronic
Wasting Disease Prions in White-Tailed Deer*

Microparticles Alter Early Prion Disease Pathogenesis

*A version of this chapter will be submitted to PLoS Pathogens with Johnson, C.J.,
Nichols, T.A., Kornely, H.J., Shoukfeh, D., and Pedersen, J.A. as co-authors.
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Table S1. Tissues analyzed by mbPMCA for the presence of PrP™F

Lymphatic Intestinal Neural Peripheral
Retropharyngeal lymph node Duodenum Lumbar spinal cord Forelimb muscle
Submandibular lymph node  lleum Thoracic spinal cord
Palatine tonsil Cecum

Spleen Colon
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Figure S1. Inmunohistochemical analysis fails to detect pathogenic PrP in white-
tailed deer tissues harvested at 42 dpi that test CWD-positive by mbPMCA.
Representative samples of tissue thin sections immunohistochemically stained for PrP using PrP-
specific monoclonal antibody Anti-Prion 99. Control tissues from deer orally inoculated with

uninfected brain homogenate. Magnification 20x (Inset 10x).
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Figure S2. Dilution series of PrP™F in CWD-infected brain tissue analyzed by
mbPMCA. The brain homogenate (BH) from a clinical CWD-infected white-tailed deer was
serially diluted 5-fold in normal BH (NBH) to a maximum dilution of 10'*” relative to the
original deer brain tissue. (A) Diluted samples CWD+ BH (4 uL) were used to seed NBH (96
pulL) in the mbPMCA reaction. Detection was achieved by immunoblotting using monoclonal
antibodies Bar224 and 8GS8. Representative blots are shown (n = 6). (B) Calibration curve
constructed from mbPMCA results. Data points are the mean of six replicates of the mbPMCA
round at which detection was first observed; error bars represent one standard deviation. The line
fit to the data is y = 0.3387x* — 3.9778x — 2.4725 (R* = 0.95).
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Figure S3. Detection of PrP™t by mbPMCA in tissues of white-tailed deer at 42

days post oral

challenge with CWD

in the presence and absence of

montmorillonite. Numbers indicate the round of mbPMCA yielding the first detection of
PrP™E. Tissues from the control animal were negative for all rounds of mbPMCA.
Abbreviations: RPLN, retropharyngeal lymph node; PT, palatine tonsil; SMLN, submandibular

lymph node; I, ileum.
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Figure S4. Variation of estimated PrP™E content due to treatment rather than
tissue type. (A) A nonparametric Friedman test indicates no difference between tissue types
when treatment is excluded, except for RPLN and PT, where the RPLN had more PrP™" than
did the PT (p = 0.0256, Mann-Whitney U). (B) The effect of treatment type differed between
treatments (CWD + Mte treatments vs. control) (p <0.0086) when tissue type was excluded (i.e.,
all tissue types pooled for each treatment). The CWD + Mte treatment resulted in production of
more PrP™F than the CWD treatment (p = 0.0406) and the control (p = 0.0044) (both Mann-
Whitney U). Replicates without prion detection by mbPMCA are indicated with a value of —15
logo dilution (lowest dilution of CWD+ BH that was not detectable after five rounds of
mbPMCA). *, p <0.05; **, p <0.01, ns, not significant (p > 0.05).
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Chapter 6

Overall conclusions and future research needs.

While many of the conclusions that can be drawn from the individual experiments and
studies contained in this thesis can be found at the end of each chapter the overarching themes

from this body of work can be summarized as follows:

. Although to our knowledge there is currently no use of chemical decontamination of prion-
contaminated land, the need exists to curtail the environmental spread of chronic wasting
disease. Peroxymonosulfate is an advanced chemical oxidation process that may have
application in inactivating prions shed into the environment by diseased animals, thereby
limiting the transmission to naive animals.

We show that peroxymonosulfate is able to inactivate two different strains of prions. It is also
able to inactivate CWD prions at environmentally relevant pH and temperatures and
when PrP™" is associated with whole soils and clay and iron oxide particles.

The challenge of environmental use of peroxymonosulfate for prion decontamination is the
risk of toxicity. We show that, although peroxymonosulfate is toxic to soil microflora and
turfgrass, grass can be regrown in soils exposed to high concentrations of
peroxymonosulfate. Further work is warranted to determine methods of application to
increase time of contact with PrP™" “hot spots” while reducing toxicity to non-target
species.

Additional work is needed to build on our basic understanding of prion structures, and

furthermore, how prions interact with soil components. This information would improve
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our understanding of the molecular level interactions that govern the behavior of

infectious units in environmental systems.

. In white tailed deer, CWD prions have higher accumulation and accumulate in a larger number

of tissues when the prions are associated with montmorillonite.

. In vitro amplification of PrP"" by microplate-based PMCA is more sensitive in detecting
prions in infected tissues by a factor exceeding 10°°.

Supplemental analytical and theoretical work in early prion disease pathogenesis when prions
are associated with clay microparticles is warranted and critical to understand the
mechanism of montmorillonite-enhanced prion disease transmission seen in rodent
studies and what was recapitulated here in deer. A crucial study would be to track clay-
bound prions from the intestinal lumen across the intestinal epithelium; clay additives are
often included in animal feed to increase nutrient retention time and the same effect could
hold true for clay particle-bound prions. It is also possible that the lymphatic sampling
and uptake of clay particle-bound prions is increased relative to the unbound prion.
Additionally, it would be sensible to investigate macrophage-mediated attack of Mte-
bound and unbound PrP™*. Suggested approaches for these studies could be using

TSE

radiolabelled or dye conjugated PrP >" bound to clay.



