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AbstractThe objective of this project was to study Chronic Wasting Disease (CWD), a form of spongiform encephalopathy native to animals in the family Cervidae. The infectious agent in CWD is a misfolded form of the prion protein (PrPSc), which has undergone conversion from the normal, cellular prion protein (PrPc). The prion protein contains a disulfide bond, and the current project examined whether disulfide bond rearrangement is involved in the misfolding process. Using Protein Disulfide Isomerase (PDI), an enzyme that accelerates disulfide rearrangement, the efficiency of prion protein misfolding was monitored. Two different sources of normal prion protein were used: deer brain (dPrPc) and recombinant (rPrPc). Two different in vitro misfolding assays were also used in the study. Initial results suggest that prion misfolding was enhanced in the presence of PDI. This indicates that disulfide bond rearrangement may occur during the conversion of normal prion protein to the misfolded, disease causing form. Furthermore, this study indicatesthat in vitro conversion analysis may be an effective approach to monitoring prionconversion dynamics. Further work will enable this approach to be used toquantitatively evaluate prion misfolding kinetics.
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IntroductionChronic wasting disease (CWD) was first discovered in captive mule deer and mule deer/ white-tailed deer hybrids and has been characterized as a form of spongiform encephalopathy with clinical symptoms of behavioral changes, weight loss, and death (Williams and Young 1980). CWD is related to scrapie, bovine spongiform encephalopathy (BSE), and variant Creutzfeldt-Jakob disease (vCJD)— all of which are neurodegenerative diseases jointly referred to as transmissible spongiform encephalopathies (TSE) (Beekes 2007). TSEs such as CWD have been observed to have misfolded forms of the prion protein (PrPSc) that have undergone conversion from the normal prion protein (PrPc); infection consists of a conformational change, which converts PrPc to the protease-resistant, infectious isoform PrPSc (Prusiner 1991).PrPSc conversion can be observed using a cell-free PrP conversion assay in which misfolded PrPSc is incubated with protease-sensitive PrPc (Kocisko et al. 1995). Lucassen et al. (2003) used a nondenaturing approach with brain homogenate from infected (PrPSc) and non-infected animals (PrPc) and found a five- to-tenfold increase in the amount of protease resistant PrPSc following the incubation of the two together. This technique has been coupled with sonication of growing PrPSc polymers in a methodology termed protein misfolding cyclic amplification (PMCA).Disulfide bond rearrangement may occur during prion protein conversionfrom PrPc to PrPSc. A disulfide bond has been observed between two cysteine residues (Cys-179 and Cys-214) in prion protein purified from hamster (Turk et al.
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1988); a similar disulfide bond exists in prions from other animals including deer. The significance of the disulfide bond in prion protein conversion was suggested by observing inhibition of conversion when PrPc and PrPSc were pretreated with a disulfide reducing agent, dithiothreitol (DTT), followed by the subsequent blocking of the free thiolate groups with an alkylating agent, N-ethylmaleimide (NEM) (Herrmann and Caughey 1998). The results suggest that PrPc can undergo disulfide bond rearrangement during PrPSc formation. Use of DTT and alkylating agents may prove disadvantageous as they can nonspecifically modify other functional groups on the prion protein or other molecules. The present study aims to use protein disulfide isomerase (PDI), an enzyme that modifies disulfide bonds, because of its greater specificity and kinetic efficiency. PDI catalyzes disulfide bond breakage and formation in addition to disulfide bond shuffling, both of which may be factors inprion conversion (Freedman et al. 1994).Nondenaturing and PMCA assays were used to convert PrPc to PrPSc. Eachassay was performed with and without PDI, and using membranes from PrP expressing brain homogenate and PrP expressing insect homogenate generated from cells infected with a recombinant baculovirus. Recombinant PrP assays should have few host and no mammalian factors that could potentially influence PrPconversion.During the PrP conversion assays, the effects of PDI were determined byperforming assays with PDI, and no PDI as a control. The prion conversion in thePDI and non-PDI experiments was compared. It was hypothesized that if the
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cysteine residues and rearrangement of the disulfide bond are important in the conversion of PrPc to PrPSc, then PDI should increase the level of conversion.
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Materials and MethodsInsect Cells, Infection, and Homogenate PreparationInvitrogen High 5 cells were used in the experiment for their ability to produce large amounts of protein. High 5 cells were incubated at 27°C in IX Express Five SFM Serum Free Medium treated with glutamine, penstrep antibiotic, and fungizone. Cells were passed when they reached confluency—approximately every 3-4 days. The UV light within the sterile hood was turned on 4 hours prior to passing cells. Sterile techniques were practiced including washing hands and arms with soap and water, washing all surfaces and hands with 70% ethanol, and washing flasks of High 5 cells and the new flasks with the same ethanol solution. Cells were washed away from the flask bottom using a sterile pipette, and 0.5 mL of the cells were added to a new, sterile flask to which 4.5 mL of fresh medium had been added.Confluent monolayers of cells were infected with a recombinant baculovirus encoding the mule deer prion protein (PrPc). In a sterile hood (4 hours UV light and washed with 70% ethanol), 1.0 mL of fresh High 5 medium was added to a 15 mLsterile centrifuge tube. Twenty microliters (20 pL) of virus were added to the medium-containing centrifuge tube and gently mixed. The medium was removed from the flask of cells to be infected and the ImL medium/ virus solution was added to the flask of cells and incubated on a rocking platform for one hour. Twomilliliters (2.0 mL) of fresh medium were then added to the flasks containing cells and virus, bringing the total volume to 3.0 mL. Detectable prion protein expressionoccurred 42-48 hours after incubation at 27°C.
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Post-infection cells were washed from the bottom of the flask with a sterile pipette and added to a 15 mL centrifuge tube. The cells were spun at 1380X g for 5 minutes, and the supernatant was discarded. Two milliliters (2.0 mL) of phosphate buffered saline (PBS) were used to resuspend the cells, which were then spun again at 1380X g for 5 minutes. The process was repeated a third time. The supernatant was discarded, and the cell pellet was treated according to which assay was to beused. Membrane-containing insect homogenates for the nondenaturing assay were formed by adding 3 mL of nondenaturing buffer (Dulbecco's Phosphate Buffered Saline (DPBS) and Complete Protease Inhibitor (CPI) (Roche)) to each cell pellet.The sample was then homogenized in a Tenbroek homogenizer with twelve passes. After adding the homogenized sample to a 15 mL centrifuge tube, it was spun for 30 seconds at 269X g. The membrane-containing supernatant was collected and storedat -50 °C in 250 pL aliquots.Membrane-containing insect homogenates for the PMCA assay were formed by adding 3 mL of PMCA buffer to the pellet (formed by washing and spinning the infected cells as previously described). The PMCA buffer consisted of a PBS, 1% Triton X-100, 5 mM EDTA, 150 mM NaCl, and CPI solution. The 0.05% saponin usedin previous procedures was omitted. The pH was adjusted from 3.3 to 7.4 usingNaOH to help dissolve the EDTA. The pellet was resuspended in the PMCA buffer and added to a Tenbroek homogenizer where the sample was homogenized intwelve passes. Afterwards, the sample was added to a 15 mL centrifuge tube where
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it was spun for 1.5 minutes at 1470X g. The membrane-containing supernatant was stored in 250 pL aliquots at -50°C.Brain HomogenatesTen percent (10%) nondenatured brain homogenates were formed by using 0.6 g of deer brain to 6 mL of a DPBS and Complete Protease Inhibitor (CPI) solution. Samples were homogenized for approximately 4 minutes using a Tenbroek homogenizer before being centrifuged at 269X g for 30 seconds. The membrane- enriched supernatant was stored in aliquots of 250 pL at -50 °C until the assay was performed.Ten percent (10%) PMCA brain homogenates were formed by using 0.6 g of deer brain to 6 mL of PMCA buffer. The brain samples and PMCA buffer were homogenized using a Tenbroek homogenizer for approximately 4 minutes before being spun for 1.5 minutes in a centrifuge at 1470X g. The membrane-enriched supernatant was stored in aliquots of 250 pL at -50°C until the assay was performed.Nondenaturing/ PMCA AssaysBoth nondenaturing amplification and PMCA were used to amplify PrPCWD in 
vitro based on the methods adapted by Kurt et al. (2007).Lucassen et al. (2003) directly combined membranes from PrPc brain homogenate with those from PrPSc brain homogenate, which resulted in conversionof some of the PrPc to the protease-resistant isoform, PrPSc; this method isconsidered the nondenaturing method. The nondenaturing assay was performed bycombining different ratios of the infectious protein PrPSc (specifically PrPCWD) to6



PrPc, in the form of normal deer brain (dPrP) or recombinant insect cells (rPrP). Samples were incubated in a Tomy mixer at 37 °C for 8 hours. Following incubation, the samples were treated with 50 pg/mL of proteinase K (PK) and shaken for an hour. PK digestion was stopped and an immunoblot analysis was performed. PrPSc is partially resistant to proteolysis by PK, and this property is used to monitor the conversion process.A more efficient method to convert PrPc to PrPScis PMCA developed by Saborio et al. (2001); this method consists of cycles of incubation of PrPc with PrPSc followed by sonication. The periods of sonication break the PrPSc polymers into smaller aggregates allowing for more contact with PrPc. PMCA allows for faster rates of misfolding amplification.The experimental parameters are summarized in Table 1. Negative controls consisted of combining normal dPrP to normal rPrP; both samples consisted of normal prion proteins (PrPc) and no conversion was observed. A positive controlcontained PrPCWD. Once conversion was observed, the effect of PDI was tested.ImmunoblottingIn order to ensure that adequate amounts of prion-containing deer brain membrane were isolated, immunoblotting was performed. The same was done with insect homogenates. Afterwards, the two assays were performed with differentratios of infectious protein (PrPSc) to regular protein (PrPc); each assay was performed with PDI and without PDI (Figure 1).Samples were boiled for 10 minutes and briefly spun. The samples were run on pre-poured NuPage 12% Bis-Tris gels (Invitrogen). Six-hundred milliliters (600
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mL) of MOPS buffer (800 mL per gel box: 40 ml of 20x NuPage MOPS SDS running buffer to 760 mL diH2O (Invitrogen)) were used in the lower buffer chamber; the upper buffer chamber was filled with 200 mL of MOPS buffer and 0.5 mL antioxidant (Invitrogen). The gels were run at 200 V for 1 hour.Transfer membranes (PVDF) were cut to match the size of the gels and were soaked in methanol for 15 seconds, then in diH2O for 2 minutes. The membranes were then soaked in transfer buffer (500 mL per gel box: 25 mL of 20x transfer buffer (Invitrogen), 50 mL of methanol, 425 mL diH2O) with the appropriate number of blotting papers and sponges. The blot module was assembled and locked into the gel box. Transfer buffer was poured into the blot module, and the gel box was filled with cold water. The apparatus was run at 30 V for 1-1.5 hours.Post-transfer membranes were incubated in 30 mL of blocking buffer (5% w/v nonfat dry milk in TBST (IL: 2.4 g Tris, 8.2 g NaCl, pH to 7.5, add 1 mL Tween 20, then bring to volume with diH20)) for 1 hour on a rocking platform at room temperature. The blocking buffer was removed and the membranes were briefly washed with TBST. The membranes were then placed in a Seal-Pak pouch with aprimary antibody solution (20 pL anti-Prion monoclonal antibody, SAF-32, in 4 mLdilution buffer (1% w/v nonfat dry milk in TBST)), heat sealed, and incubatedovernight at 4°C.The membranes were removed from the pouch and washed in 20 mL TBSTfor three consecutive 10-minute washes. The secondary antibody (2 pL, anti-mouseIgG, in 15 mL blocking buffer) was added and incubated at room temperature for 1 hour on a rocking platform. The secondary antibody was removed and three more
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TBST washes followed. The membranes were subsequently washed twice for 2 minutes in 25 mL assay buffer (50 mL: 5 mL CDP-Star assay buffer, 45 mL diHzO). The membrane was removed from the assay buffer and placed on a sheet of transparent plastic where 2-3 mL of CDP-Star substrate were added directly to the membrane and allowed to sit for 5 minutes. Excess substrate was wicked off with Kimwipes, and another sheet of transparent plastic was placed over the membrane. A Kodak 1500 Molecular Imager was used with molecular imaging software to detect chemiluminescence on the membrane—indicating the prion protein.
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ResultsHigh 5 cells were successfully infected with the baculovirus expressing the prion protein PrPc (Figure 2). The amount of detectable PrPc from insects was comparable to that of PrPc from deer brain homogenate, indicated by similar intensities in banding (Data not shown]. Once it was determined that insect cells could be used to successfully produce PrPc, membrane-preps were made according to which assay they were to be used for (either the nondenaturing assay or PMCA assay), and stored for use throughout the study.Figures 3 and 4 reveal that prion protein-containing insect cell membranes and deer brain membranes were successfully created using the associated techniques for each assay. To assess the prion protein recovery, a variety of volumes were loaded on the gel and amounts of SDS were varied to ensure completesample denaturation.Performing the nondenaturing assay with a 1:200 ratio (CWD:PrPc) revealed no detectable conversion. This was the case using PrPc from both, recombinants (rPrPc) and deer brain (dPrPc). Using more concentrated mixtures of samples(either a 1:20 ratio or a 1:10 ratio) provided for better parameters of conversionand subsequent immunoblot detection. Figure 5 shows the results of anondenaturing conversion assay in a 1:20 ratio (CWD:PrPc), using both dPrPc andrPrPc. The nondenaturing assay provided conversion and the effect of PDI can be inferred by observing figure 5 more closely (Figure 6). Lanes 4 and 7 differ only by the absence or presence of PDI. When lanes 4 and 7are compared, lane 7 appears
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darker—indicating more conversion (or faster conversion). Although not as distinct, lanes 6 and 9 reveal similar results—lane 9 is slightly darker. These results suggest qualitatively that PDI increases prion protein conversion in the nondenaturing assay.The PMCA assay showed no detectable conversion using ratios of 1:27000, 1:9000,1:1000 (CWD:PrPc), while ratios of 1:20 and 1:10 were better for conversion and subsequent detection. Figure 7 assesses PMCA prion conversion using deer brain membranes. Detectable product in lanes 2-4 compared to their negative control in lane 5 and 6-8 compared to their negative control in lane 9demonstrated this conversion. PDI stimulated enhanced conversion in lanes 6-8versus 2-4. This is highlighted in figure 8, with the greatest effect seen with 1:10dilutions.When insect cell-produced PrPc (rPrPc) was substituted for deer brain, conversion was also successful (Figure 9). Negative controls (lanes 5 and 9) were devoid of misfolded protein when compared to the experimental samples in lanes 2 4 and 6-8. Samples 6-8 contained PDI and showed greater immunoreactivity than their non-PDI counterparts in lanes 2-4. This is examined more closely in figure 10.
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Table 1: Summary of Experimental Parameters.
Variables Tested Parameters
Nondenaturing (ND) vs. PMCA Reactions were performed using both assays
Ratio of CWD: rPrP (ND) 1:200 1:20 1:10
Ratio of CWD: rPrP (PMCA) 1:27,000 1:9,000 1:1,000 1:20 1:10
Ratio of CWD: dPrP (ND) 1:200 1:20 1:10
Ratio of CWD: dPrP (PMCA) 1:27,000 1:9,000 1:1,000 1:20 1:10
*AII samples were assayed and analyzed both with and without PDI
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PMCA Nondenaturing

pj-pCWD prpcwD pppCWD prpCWD

X X X X
rPrPc dPrPc rPrPc dPrPc

No PDI No pdi No pdi No pdi
PDI PDI PDI PDI

ImmunoblottingFigure 1: Summary of Experiment and Immunoblotting.
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i 2 3

Figure 2: Intact High 5 cells post-infection by recombinant baculovirus expressing PrPc; Lanes 1, 2, and 3 contain 3 pL, 10 pL, and 15 pL of sample, respectively.
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Figure 3: Recombinant insect cell (expressing PrPc) membrane-preps and deer brain homogenate prepared for nondenaturing assay.Lane 1: 5 pL molecular weight markerLane 2: lpL of equal parts PrPc cells and SDSLane 3: 3 pL of equal parts PrPc cells and SDSLane 4: 10 pL of equal parts PrPc cells and SDSLane 5: 3 pL of 2:1 ratio of PrPc cells to SDSLane 6: 3 pL of 3:1 ratio of PrPc cells to SDSLane 7: 1 pL of deer brain homogenate in a 1:1 ratio with SDSLane 8: 3 pL of deer brain homogenate in a 1:1 ratio with SDSLane 9: 10 pL of deer brain homogenate in a 1:1 ratio with SDSLane 10: 3 pL of 2 parts brain homogenate to 1 part SDS
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Figure 4: Recombinant insect cell (expressing PrPc) membrane-preps and deer brain homogenate prepared for PMCA assay.Lane 1: Lane 2: Lane 3: Lane 4: Lane 5: Lane 6: Lane 7: Lane 8: Lane 9: Lane 10:

5 pL molecular weight markerlpL of equal parts PrPc cells and SDS3 pL of equal parts PrPc cells and SDS10 pL of equal parts PrPc cells and SDS3 pL of 2:1 ratio of PrPc cells to SDS3 pL of 3:1 ratio of PrPc cells to SDS1 pL of deer brain homogenate in a 1:1 ratio with SDS 3 pL of deer brain homogenate in a 1:1 ratio with SDS 10 pL of deer brain homogenate in a 1:1 ratio with SDS 3 pL of 2 parts brain homogenate to 1 part SDS
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Figure 5: Results of nondenaturing conversion assay in a 1:20 ratio (PrPCWD:PrPc)-
Lanes

2 3 4 5 6 7 8 9 10
PrPCWD + + + + +
dPrPc + + + + + +
rPrPc + + + +
PDI + + +
PK + + + + + + +
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Figure 6: A closer look at figure 5; Lanes 4 and 7 compare 1:20 ratios (PrPCWD:dPrPc) without and with PDI; Lanes 6 and 9 compare 1:20 ratios (PrPCWD;rprpcj without and with PDI.
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Figure 7: Results of PMCA conversion assay using deer brain as the source of PrPc (dPrPg.
Lanes

1 2 3 4 5 6 7 8 9 10
PrPCWD + + + + + + +

dPrPc + + + + + + + + +
Ratio 1:10 1:10 1:20 1:10 1:10 1:20
PDI + + + +
PK + + + + + + + + +
Sonication + + + + + +
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Figure 8: A closer look at figure 7.
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Figure 9: Results of PMCA conversion assay using infected insect cells as the source of PrPc (rPrPc).
Lanes

6 1 8 9 10

1 2 3 4 5 6 7 8 9 10
prpCWD + + + + + + +
rPrPc + + + + + + + + +
Ratio 1:10 1:10 1:20 1:10 1:10 1:20
PDI + + + +
PK + + + + + + + + +
Sonication + + + + + +
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8

Figure 10: A closer look at figure 9.
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DiscussionHerrmann and Caughey (1998) have suggested that PrPc can undergo disulfide bond rearrangement during PrPSc formation. PDI should better indicate the importance of the disulfide bond in the conversion process, as it has greater specificity and kinetic efficiency than the parameters used by Herrmann and Caughey (1998). It has been observed by Freedman et al. (1994) that PDI catalyzes disulfide bond breakage and formation in addition to disulfide bond shuffling. The data presented here suggest that PDI does in fact increase prion protein conversion.Observing conversion using rPrPc, in addition to dPrPc, may be useful in future studies as it is easier to control conditions, or focus on the protein itself (rather than additional host factors present in brain homogenate). By comparing the two assays with brain to the two assays with recombinant protein, it was possible to infer whether or not PDI had a direct or indirect effect on PrPconversion. Since similar results were seen between the two different sources ofPrPc, it can be inferred that disulfide bond rearrangement is more localized to the protein itself, rather than mammalian host factors found in the brain homogenate. Different cellular lines exist for experimental use which may provide more insight into the mechanisms of prion conversion. By performing additional experiments comparing the insect cell membranes to brain homogenates, questions regarding whether or not PDI has a direct effect on the prion protein or indirect effect throughbrain specific factors could be addressed.Future direction of the present study should focus on efficient, anddetectable, conversion using the two assays. It was already determined that more
23



concentrated mixtures work better. Samples and mixtures could be concentrated even more; in addition, incubation time could be increased. Finally, results need to be quantified so that qualitative differences in banding intensity can be translated into numerical differences in conversion rates.
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