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Abstract 12 

Prions replicate via the autocatalytic conversion of cellular prion protein (PrPC) into fibrillar 13 

assemblies of misfolded PrP. While this process has been extensively studied in vivo and in 14 

vitro, non-physiological reaction conditions of fibril formation in vitro have precluded the 15 

identification and mechanistic analysis of cellular proteins, which may alter PrP self-16 

assembly and prion replication. Here, we have developed a fibril formation assay for 17 

recombinant murine and human PrP (23-231) under near-native conditions (NAA) to study 18 

the effect of cellular proteins, which may be risk factors or potential therapeutic targets in 19 

prion disease.  Genetic screening suggests that variants that increase syntaxin-6 expression 20 

in the brain (gene: STX6) are risk factors for sporadic Creutzfeldt-Jakob disease (CJD). 21 

Analysis of the protein in NAA revealed, counterintuitively, that syntaxin-6 is a potent 22 

inhibitor of PrP fibril formation. It significantly delayed the lag phase of fibril formation at 23 

highly sub-stoichiometric molar ratios. However, when assessing toxicity of different 24 

aggregation time points to primary neurons, syntaxin-6 prolonged the presence of neurotoxic 25 

PrP species.  Electron microscopy and super-resolution fluorescence microscopy revealed 26 

that, instead of highly ordered fibrils, in the presence of syntaxin-6 PrP formed less-ordered 27 

aggregates containing syntaxin-6. These data strongly suggest that the protein can directly 28 

alter the initial phase of PrP self-assembly and, uniquely, can act as an ‘anti-chaperone’, 29 

which promotes toxic aggregation intermediates by inhibiting fibril formation.   30 
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Introduction 31 

Prion replication and prion-like mechanisms are believed to drive dozens of human 32 

neurodegenerative and systemic diseases, as well as scrapie, bovine spongiform 33 

encephalopathy and chronic wasting disease in animals (1-3). All of these disorders are 34 

caused by protein misfolding, but the details of the self-replication mechanism, the cellular 35 

factors involved in prion replication and the molecular basis for neurotoxicity are far from 36 

clear despite decades of research (4). Prions are fibrillar assemblies of misfolded cellular 37 

prion protein (PrPC), which form highly ordered parallel in register intermolecular β-sheet 38 

amyloid structures (prion rods, (5,6)). While purified prion rods are not directly neurotoxic, 39 

prion-associated toxicity can be blocked by anti-PrP antibodies (7,8) suggesting that non-40 

fibrillar PrP assemblies, which form after prion titres plateau (9-11), could be the toxic 41 

agents, as is the case for other amyloid forming proteins (12,13). 42 

Prions can be highly infectious. However, accidental exposure only accounts for a tiny 43 

percentage of CJD cases. Similarly, mutations in the PRNP gene, which codes for the prion 44 

protein PrP, cause only 10-15% of CJD cases (14). The majority of prion disease cases are 45 

sporadic in nature, where PrP is thought to spontaneously misfold. It is likely that hidden 46 

genetic risk factors modulate either the susceptibility to prion replication, prion-associated 47 

neurotoxicity, or the initial prion formation. A recent genome-wide association study to 48 

discover non-PRNP risk factors of sporadic CJD (sCJD) identified two highly significant risk 49 

loci including one in and near to STX6 (15). Elevated STX6 mRNA in the caudate and 50 

putamen nuclei, two regions implicated in CJD pathology (16), correlated with CJD risk.  51 

STX6  encodes syntaxin-6, an eight exon, 255 amino-acid protein that predominantly 52 

localises to the trans-Golgi network (TGN), and is mainly involved in recycling of cargo 53 

between the TGN and early endosomes (17). Syntaxin-6 is thought to form part of the t-54 

SNARE complex involved in the decision of a target membrane to accept the fusion of a 55 

vesicle (18). Misfolded prion protein in infected cells localizes at the plasma membrane, the 56 

likely site of prion conversion (19), as well as in perinuclear compartments.  Early and late 57 

endosomes, the endocytic recycling compartment and multivesicular bodies have also been 58 

implicated as prion replication sites (20,21). These observations raise two alternative 59 

mechanistic hypotheses for the role of syntaxin-6 in prion disease: (1) A direct interaction 60 

with PrP in the course of misfolding and prion replication, or (2) an indirect effect through the 61 

cellular processing of PrPC or prions.   62 

STX6 is also a risk gene for progressive supranuclear palsy (22), where the protein interacts 63 

directly with tau through its transmembrane domain (23). STX6 has been identified in a 64 

proteome-wide association study (PWAS) in Alzheimer’s disease (24). Downregulation of 65 
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syntaxin-6 expression in a murine neuroblastoma scrapie cell model (PK1) did not alter PrPC 66 

expression and had no obvious effect on PrPC trafficking (15), suggesting that it may directly 67 

alter prion replication by a yet undiscovered chaperone-like activity.  68 

An array of chaperone proteins aid and tightly control protein folding and protein 69 

homeostasis in the cell (25,26). Chaperones, such as the heat shock protein HSP70 inhibit 70 

protein misfolding and can delay amyloid formation in vitro (27) and in model organisms (28). 71 

It seems likely that more proteins with chaperone-like functions are yet to be discovered.  72 

Assessing the role of proteins with chaperone-like activity in PrP misfolding, fibril formation 73 

and toxicity requires assays under native or near-native conditions. The established fibril 74 

formation assays for PrP in vitro require non-physiological conditions, such as  high 75 

temperatures (29), denaturants (30), detergents or low pH (31). These conditions facilitate 76 

the unfolding and conversion of PrPC, but preclude the analysis of other folded proteins in 77 

the context of PrP fibril formation. Here, we have developed a fibril formation assay for 78 

recombinant murine and human PrPC (23-231) under near-native conditions to study the 79 

effect of syntaxin-6 and other cellular factors, which may be risk factors or potential 80 

therapeutic targets in prion disease.   81 

  82 
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Results 83 

Full-length prion protein forms amyloid fibrils under near-native conditions 84 

In order to study PrP fibril formation under near-native conditions in vitro, full-length murine 85 

PrPC 23-231 (mPrP23) and human PrPC 23-231 (hPrP23) were expressed recombinantly 86 

(Figure 1 – figure supplement 1A), purified via Ni-NTA chromatography and refolded into 87 

their native conformation (Figure 1 – figure supplement 1E, F). Proteins were incubated in a 88 

non-binding 96-well plate under agitation, and amyloid formation was monitored via 89 

Thioflavin T (ThT) fluorescence (Figure 1A, Figure 1 – figure supplement 2). We tested 90 

different temperatures pH values and agitation conditions to assess whether PrP could form 91 

amyloid fibrils in vitro under near-native conditions (Figure 1 – figure supplement 2A-C). 92 

While PrP was slow to form aggregates de novo without the addition of seeds, elevated 93 

temperatures accelerated fibril formation (Figure 1 – figure supplement 2A) as had been 94 

previously observed (32). Aggregation at 42°C, pH 6.8 yielded highly reproducible conditions 95 

for the formation of fibrils (Figures 1A-C and Figure 1 – figure supplement 2B, C) when 96 

agitated by glass or silanized Zirconia beads. Fibrils had diameters of 8-12 nm and 97 

morphologies typical of amyloid fibrils (Figures 1C and Figure 1 – figure supplement 2G). 98 

Fibrils formed in NAA were resistant to digestion by proteinase K to the same degree as 99 

authentic prion rods prepared from RML-infected mice, producing a main PK-resistant 100 

fragment of ~12 kD (Figure 1D, Figure 1 – figure supplement 2H). The addition of preformed 101 

fibrillar aggregates as seeds accelerated fibril formation in a concentration-dependent 102 

manner by decreasing lag-times (t50, Figures 1A, B and Figure 1 – figure supplements 2D 103 

and 3) but had no significant influence on rates of fibril elongation (Figure 1 – figure 104 

supplement 2E). Lag phases and elongation rates of mPrP23 in vitro were indistinguishable 105 

when using synthetic seed formed from recombinant PrPC or using authentic prion rods, 106 

isolated from mice infected with scrapie strains RML or ME7 in (Figure 1 – figure 107 

supplements 2D, E, and 3). Interestingly, fibrils formed from synthetic seeds displayed 108 

increased ThT fluorescence when compared to RML and ME7 seeded fibrils, hinting at a 109 

difference in fibril structure imprinted by the different seed templates (Figures 1H, Figure 1 – 110 

figure supplement 2F). For safety reasons, seeding of hPrP23 was restricted to synthetic 111 

PrP fibrils.  112 

The lag phase of hPrP23 aggregation was largely independent of PrP monomer 113 

concentration (Figure 1E, F), while elongation rates even showed a slight inverse reaction to 114 

monomer concentration (Figure 1G). Therefore, PrP refolding rather than elongation may be 115 

rate-limiting under the assay conditions. ThT amplitude at the end of growth was proportional 116 

to monomer concentration (Figure 1H). However, the lag phase increased and ThT 117 
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amplitude dropped at monomer concentrations above 16 µM, suggesting formation of off-118 

pathway PrP aggregates at high monomer concentrations, which do not contribute to fibril 119 

formation (33).  120 

Analysis of aggregation kinetics using the Amylofit framework confirmed this interpretation 121 

(Figure 1 – figure supplement 4). The concentration dependence of fibril formation could be 122 

described adequately only under the assumption that kinetics were dominated by saturated 123 

elongation. It should be noted that kinetic curves in the NAA have higher fluctuations in the 124 

ThT signal than found under denaturing conditions (see: (34)). This is most likely due to the 125 

formation of large PrP aggregates in the NAA. These fluctuations had no influence on the 126 

accuracy of kinetic fitting when comparing lag times derived from raw data (Figure 1E, F) 127 

with those from smoothed aggregation curves (Figure 1 – figure supplement 4A, B). 128 

 129 

Syntaxin-6 inhibits PrP fibril formation  130 

The STX6 gene is a proposed risk factor for sCJD, suggesting it may alter PrP fibril 131 

formation. We therefore tested what effect the syntaxin-6 protein had on PrP fibril formation 132 

under native conditions and compared it to two reference proteins: a well characterized 133 

amyloid inhibitor, the heat shock protein HSPA1A, which is the human inducible form of 134 

HSP70, and the α-helical microtubule-associated protein stathmin 1 (STMN1) as positive 135 

and negative controls, respectively (Figure 1 – figure supplement 1A). Circular dichroism 136 

confirmed that all proteins retained their native, mostly α-helical folds under assay conditions 137 

(Figure 1 – figure supplement 1B-F). 138 

To our surprise, syntaxin-6 delayed the lag phase of hPrP23 fibril formation even at highly 139 

sub-stoichiometric molar ratios of 1:100, and prevented fibril formation entirely at equimolar 140 

ratio (STX6, Figure 2A, B). At the same time, it only slightly lowered fibril elongation rates 141 

(Figure 2C). Syntaxin-6 promoted the formation of aggregate clusters (Figure 2D, E) rather 142 

than distinct amyloid fibrils (Figure 1C). Immuno-gold staining revealed that syntaxin-6 was 143 

incorporated into these aggregates (Figure 2E). Similarly, HSPA1A prevented fibril formation 144 

in favour of amorphous PrP aggregates (Figure 2 – figure supplement 1A), while hPrP23 145 

formed fibrillar aggregates in the presence of control protein STMN1 (Figure 2 – figure 146 

supplement 1B). However, sedimentation after 0-90 h incubation revealed, that syntaxin-6 147 

delayed but did not prevent the formation of hPrP23 aggregates. In contrast, a substantial 148 

fraction of hPrP23 remained soluble when incubated with HSPA1A at 1:10 molar ratio 149 

(Figure 2 – figure supplement 2). 150 

 151 
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To probe the nature of PrP aggregates formed in the presence of syntaxin-6, we performed 152 

two secondary seeding assays. In the first assay, we tested the seeding capacity of PrP 153 

samples harvested at different incubation times (20, 40, 60, 90 h) in the presence and 154 

absence of syntaxin-6 in a NAA seeded with 0.1% fibrillar hPrP23 (Figure 2 – figure 155 

supplement 3). Samples harvested during the lag phase of either reactions were not seeding 156 

competent, but both aggregates formed in the presence and absence of syntaxin-6  (1:10) 157 

were seeding competent after the formation of ThT-positive aggregates, indicating that, at 158 

sub-stoichiometric ratios, syntaxin-6  delays, but does not prevent the formation of seeding 159 

competent PrP fibrils.  We then generated seeds in a second experiment, in which the 160 

primary seed was added at a lower concentration (0.01%), which prolonged the delay in fibril 161 

formation by syntaxin-6 (Figure 2 – figure supplement 4A). Seed preparations harvested 162 

after 70 h incubation were then separated into total, soluble and insoluble fractions and 163 

added to secondary seeding assays at 10-3 to 10-8 molar ratio monomer equivalents (Figure 164 

2 – figure supplement 4B-E). Both in syntaxin-6 and in untreated samples seeding activity 165 

was only found in the total and insoluble fractions. The presence of syntaxin-6 lowered the 166 

amount of seeding competent aggregates by at least three orders of magnitude (Figure 2 – 167 

figure supplement 4C-E and 5). 168 

 169 

To further probe the mechanism of syntaxin-6, we tested the influence of NaCl concentration 170 

on fibril formation in the presence and absence of syntaxin-6 (1 in 10 molar ratio) in the NAA 171 

(Figure 2 – figure supplement 6, Figure 3 – figure supplements 2 and 3).  We compared 172 

kinetics in the presence of syntaxin-6 to those in the presence of HSPA1A and STMN1, 173 

respectively, at the same molar ratio (Figure 2 – figure supplement 6A). HSPA1A delayed 174 

fibril formation to a similar degree as syntaxin-6, whilst, as expected, STMN1 had no 175 

significant effect on fibril formation kinetics. In the absence of syntaxin-6, the lag phase of 176 

PrP fibril formation decreased only weakly with NaCl concentration while the elongation rate 177 

increased (Figure 2 – figure supplement 6B, C). Syntaxin-6 prolonged the lag phase at low 178 

and physiological salt concentrations, but lag phases decreased with increasing NaCl 179 

concentration, suggesting that ionic interactions may mediate the binding of syntaxin-6 to 180 

PrP. A similar salt dependence was observed for HSPA1A (Figure 2 – figure supplement 181 

6D), while STMN1 did not inhibit fibril formation at any salt concentration (Figure 2 – figure 182 

supplement 6E).  Syntaxin-6 did not significantly reduce fibril elongation when compared 183 

with untreated PrP independently of salt concentration (Figure 2 – figure supplement 6C).  184 

 185 
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To visualize the interaction of syntaxin-6 with PrP aggregates and fibrils we imaged NAA 186 

endpoints by dSTORM super-resolution microscopy (Figure 3 – figure supplement 1) 187 

revealing that hPrP23 and syntaxin-6 co-aggregated into large aggregate clusters. Super-188 

resolution microscopy indicated a fibrillar substructure of these aggregates (Figure 3 – figure 189 

supplement 1A, B) similar to that observed in TEM (Figure 2D, E). When, conversely, 190 

syntaxin-6 labelled with AlexaFluor647 was added to pre-formed fibrillar hPrP23 formed 191 

under NAA conditions, it preferentially bound to specific ‘hot-spots’ on the PrP fibril (Figure 192 

3A, B, indicated by arrows). In this experiment, hPrP23 fibrils were unlabelled and were 193 

visualized by transient amyloid binding (TAB) imaging using the amyloidophilic dye Nile red 194 

(35). We repeated the experiment with syntaxin-6-AlexaFluor488 (Figure 3E) and with 195 

unlabelled proteins using immuno-TEM (Figure 3F) to exclude that the interaction was 196 

influenced by the choice of fluorescent dye. Both assays confirmed the presence of 197 

interaction hot-spots. Interestingly, interaction sites were often located at fibril ends or kinks 198 

in the fibril. Since syntaxin-6 only weakly affected apparent fibril elongation rates in bulk 199 

assays, this may suggest a role of syntaxin-6 in fibril breakage or secondary nucleation.   200 

PrP formed longer, unbranched fibrils with increasing salt concentration. As had been seen 201 

in TEM, syntaxin-6 induced the formation of aggregate clusters when visualized by TAB 202 

imaging (Figure 3 – figure supplements 2 and 3) when compared to untreated fibrils, 203 

supporting the hypothesis that the protein may alter secondary nucleation / branching of 204 

fibrils. 205 

 206 

Syntaxin-6 interacts with PrP in cell models of prion disease 207 

Syntaxin-6 and PrP need to interact in order to directly affect prion replication and / or prion-208 

associated toxicity in vivo. We therefore probed the interaction of syntaxin-6 with PrP via 209 

Förster resonance energy transfer (FRET) imaging in the PK1 cell model (36), which can be 210 

persistently infected with RML prions.  Proteins were stained with anti-syntaxin-6 antibody 211 

(C34B2) / anti-rabbit-Alx647 and three monoclonal anti-PrP antibodies (5B2, 6D11, 8H4) / 212 

anti-mouse-RhX, which bound different regions of PrP (Figure 4A, and Figure 4 – figure 213 

supplements 1 and 2). PixFRET analysis indicated a perinuclear interaction between both 214 

proteins, both in non-infected (PK1) and infected (iS7) cells (Figure 4A, wide arrows). An 215 

additional FRET signal on the plasma membrane of infected cells suggests that syntaxin-6 216 

may be recruited into misfolded PrP assemblies (Figure 4A, narrow arrows). This interaction 217 

resulted in FRET signals with all three anti-PrP antibodies, whereas only the two antibodies 218 

directed to the unfolded N-terminal domain of PrP (5B2 and 6D11) displayed FRET in 219 
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membrane-associated compartments (Figure 4 – figure supplement 1). This may suggest a 220 

different binding mode of syntaxin-6 to PrP species in both compartments. 221 

 222 

Syntaxin-6 knockout does not affect the replication of prions in vitro 223 

Infectious prions can be replicated in cell-free conditions using protein misfolding cyclic 224 

amplification (PMCA), whereby the conversion of PrPC into PK-resistant PrPSc is enhanced 225 

by cyclic bursts of sonication in a brain homogenate substrate (37). Here, we employed 226 

PMCA to explore whether the presence or absence of syntaxin-6 in the substrate affected 227 

prion conversion. To this end, we seeded PMCA substrates derived from Stx6+/+ and Stx6-/- 228 

mice, respectively, (38) with RML prions. Both substrates generated comparable amounts of 229 

PK-resistant PrP (Figure 4B), indicating that syntaxin-6 does not directly alter prion 230 

replication in vitro under PMCA conditions, which are dominated by fibril fragmentation / 231 

elongation.  232 

 233 

Syntaxin-6 prolongs the presence of toxic PrP aggregation intermediates 234 

The previous data would suggest a protective rather than deleterious effect of syntaxin-6 in 235 

prion disease. However, the oligomer toxicity hypothesis posits that mature fibrils may not be 236 

the toxic species in prion nor in other amyloid diseases (11,12). Correspondingly, purified, 237 

highly infectious prion rods were not toxic to primary neurons (7).  To test whether the same 238 

logic applied to the effect of syntaxin-6 on PrP aggregation, we assessed the toxicity of PrP 239 

to mouse primary neurons at different stages of the aggregation kinetics by neurite length 240 

(Figure 5) and by counting the number of viable neurons (Figure 5 – figure supplement 1).  241 

PrP aggregates were highly toxic to primary neurons during lag and early growth phases (20 242 

h and 40 h incubation), but neurotoxicity was diminished at the plateau phase of fibril 243 

formation, so that end-point aggregates (90 h) were no more toxic than PrP monomers or 244 

buffer controls (Figure 5A, C and Figure 5 – figure supplement 1). Notably, PrP toxicity 245 

preceded the formation of seeding-competent assemblies (Figure 2 – figure supplement 3), 246 

supporting the hypothesis that the toxic PrP species is a pre-fibrillar assembly. 247 

 248 

In contrast, PrP aggregated in the presence of syntaxin-6 (1:0.1 molar ratio) retained its 249 

neurotoxicity significantly longer than PrP incubated in the absence of syntaxin-6 (Figure 5B, 250 

C and Figure 5 – figure supplement 1). While PrP species formed early in the lag phase of 251 

aggregation at 20 h were neurotoxic both in the presence and absence of syntaxin-6 when 252 
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compared to t = 0 h, PrP was significantly more toxic in the presence of syntaxin-6 at later 253 

time-points when PrP would form fibrils in the absence of syntaxin-6 (Figures 5C and Figure 254 

5 – figure supplement 1).   Thus, in delaying or preventing PrP fibril formation, syntaxin-6 255 

prolonged the presence of toxic aggregation intermediates and exacerbated neurotoxicity. 256 

 257 

Discussion 258 

Development of a novel native aggregation assay 259 

We developed a fibril formation assay for full length mouse and human PrPC to be able to 260 

study the mechanistic effect of cellular proteins such as the proposed sCJD risk factor 261 

syntaxin-6 on PrP misfolding and self-assembly under near-native conditions. A multitude of 262 

in vitro fibril formation assays have been developed previously (39). While the generation of 263 

authentic prion infectivity was reported for several assays (30,39), fibrils generally form 264 

under highly non-physiological conditions in the presence of high concentrations of 265 

Guanidine or Urea (30), at low pH (40), in the presence of SDS (41), or at very high 266 

temperatures (42). None of these condition provide a native environment for protein-protein 267 

interaction, and many cellular proteins will be unfolded under these assay conditions.  268 

Full length PrP formed fibrils with morphology and β-sheet secondary structure characteristic 269 

of amyloid under conditions of the native aggregation assay (NAA) (43). Fibril formation 270 

could be tracked by binding of the amyloidophilic dye Thioflavin T and displayed sigmoid 271 

aggregation kinetics typical of a nucleated polymerization mechanism (44). As had been 272 

observed for other amyloidogenic proteins, solution conditions such as pH and temperature 273 

affected aggregation kinetics (45,46). Aggregation proceeded faster at neutral pH, while 274 

monomeric protein was stable at pH of 6.5 and below.  275 

Seeding by preformed fibrils reduced the lag phase of aggregation (47,48). The limiting 276 

dilution for seeding was ~ 10-10 (w/w), which corresponds to approximately 2000 PrP 277 

molecules per well or 5 prion rods of a typical length of 200 nm (49), similar to other seeding 278 

assays (41,42,50). In NAA, both lag phase t50 and elongation rate constant k displayed little 279 

dependence on monomer concentration, which suggests that monomer refolding was rate 280 

limiting for fibril elongation. While in general aggregation kinetics scale with monomer 281 

concentration, elongation saturates at high monomer concentration as conformational 282 

change of PrP becomes rate-limiting (51,52). ThT fluorescence amplitudes scaled with PrP 283 

concentration between 2 – 16 µM, it then dropped and lag phase increased. A competing 284 

non-fibrillar aggregation pathway at high protein concentration could account for this 285 

observation (33,53). High salt concentration shields charges, which promotes hydrophobic 286 
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interactions, lowers the critical concentration of nucleated polymerization often leading to 287 

formation of amyloid fibril clusters (54). Notably, while PrP aggregated faster in the NAA at 288 

high salt concentration, it tended to form longer, more isolated fibrils. 289 

 290 

Inhibition of fibril formation by syntaxin-6 291 

Syntaxin-6 delayed the formation of PrP fibrils at highly sub-stoichiometric ratios and co-292 

aggregated with PrP into aggregate clusters. It delayed, but did not prevent, the formation of 293 

insoluble seeding-competent PrP assemblies. On the face, its effect was similar to that of the 294 

heat shock protein family A (HSP70) member 1A (Figure 2 and Figure 2 – figure supplement 295 

3), which would suggest a role of syntaxin-6 as a potent aggregation inhibitor with 296 

chaperone-like activity. Chaperones assist folding of newly synthesised proteins, sequester 297 

soluble misfolded polypeptides and target them for degradation, which makes them 298 

promising therapeutic targets in protein misfolding diseases (26,55,56).  299 

HSP70 has been described as a ‘holdase’, which inhibits amyloid formation of various 300 

proteins at sub-stoichiometric concentrations even in the absence of ATP by binding to early 301 

stage aggregation intermediates (57,58).  Overexpression or exogeneous addition of HSP70 302 

rescued cytotoxicity in cell cultures and model organisms (59-61). Sequestering aggregation 303 

intermediates into inert off-pathway aggregates can be a powerful strategy against amyloid 304 

toxicity (62,63). However, our data indicate that, far from detoxifying PrP aggregation 305 

intermediates, the delay of PrP fibril formation by syntaxin-6 exacerbated PrP toxicity by 306 

allowing toxic aggregation intermediates to persist for longer (Figure 5). 307 

Conversely, natural and chemical chaperones can detoxify aggregation intermediates by 308 

promoting fibril formation and by stabilizing mature amyloid fibrils (48,64,65). Syntaxin-6 309 

seems to present the flip side of this benign activity in delaying PrP fibril formation and thus 310 

prolonging the presence of toxic aggregation intermediates.  311 

The nature of the toxic species in prion disease is under active investigation. Brain 312 

homogenates from scrapie-infected mice have a specific toxic component, which can be 313 

blocked by the addition of anti-PrP antibody (7). However, highly purified infectious prion 314 

rods were shown not to be directly neurotoxic (7), suggesting that toxicity may be caused by 315 

non-prion assemblies, which accumulate after the infectious titer has peaked and which, 316 

unlike prions, are sensitive to sarkosyl (8-10) or by transient aggregation intermediates, 317 

whose formation may be catalysed by prions or by other fibrillar PrP assemblies (4).  318 

The chaperone Brichos breaks generation of toxic Aβ oligomers, which are formed through 319 

surface catalysed secondary nucleation (66). Conceivably, syntaxin-6 could have the 320 
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opposite effect on PrP fibril formation, in which toxic oligomer formation is promoted, by 321 

delaying competing fibril formation pathways.  PrP itself binds to and inhibits the elongation 322 

of Aβ amyloid fibrils (67,68) oligomers and nanotubes.  The presence of PrP during 323 

aggregation led to the formation of larger numbers of shorter fibrils and increased Aβ 324 

neurotoxicity in a dose-dependent manner (67).  This suggests that PrP not only acts as a 325 

receptor for toxic amyloid oligomers (69,70), but may exacerbate neurotoxicity in a 326 

mechanism similar to syntaxin-6. Notably, syntaxin-6, when added to preformed fibrils, 327 

preferentially bound to fibril ends and other hotspots (Figure 3).  Previous studies found only 328 

weak binding of syntaxin-6 to monomeric PrPC (15), which together with the inhibition at sub-329 

stoichiometric concentrations strongly suggests an interaction with early aggregation 330 

intermediates and with fibrillary assemblies, possibly promoting secondary nucleation.  331 

While variants at the STX6 locus are known risk factors for sCJD (15), its deletion only 332 

modestly delayed the incubation period in RML prion infected mice, an observation that is 333 

open to different interpretations (38). Rather than directly altering prion replication kinetics, 334 

the protein may confer risk of disease by either facilitating the initial generation of prions in 335 

sporadic disease, or by exacerbating prion-associated toxicity. Our results lend support to 336 

the second hypothesis, as syntaxin-6 interacted with early aggregation intermediates of PrP 337 

in vitro and exacerbated their toxicity (Figure 5) but did not accelerate the formation of 338 

seeding-competent PrP species (Figure 5 – figure supplement 2) nor directly affected the 339 

replication of pre-existing prion seeds in PMCA reactions (Figure 4B). This finding argues 340 

against the hypothesis that syntaxin-6 binding to mature PrP fibrils induces fibril breakage. 341 

Correspondingly, an increase in fibrils branching / secondary nucleation as observed in the 342 

presence of syntaxin-6 (Figure 3 – figure supplements 1 and 3) would have little effect on 343 

replication kinetics dominated by fragmentation / elongation. 344 

 345 

 346 

Localization of syntaxin-6 and PrP 347 

A direct effect of syntaxin-6 on PrP assembly and / or prion-associated toxicity in vivo 348 

obviously requires the two proteins to be present in the same sub-cellular compartment. 349 

PrPC is present mainly in the TGN and on the outer plasma membrane, while mature PrPC is 350 

tethered to the membrane by a C-terminal glycophosphadityl-inositol (GPI) anchor. At the 351 

plasma membrane, PrPC is incorporated into lipid rafts and caveolae, which are membrane 352 

microdomains enriched in cholesterol and sphingolipids. However, it has also been detected 353 
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in multi-vesicular bodies and, to a small degree, in the cytosol (71). Both lipid rafts and the 354 

endocytic pathway are implicated as sites of prion replication (71). 355 

Interestingly, syntaxin-6 has role in caveolin membrane recycling (72). As a SNARE protein, 356 

syntaxin-6 sits on the outside of vesicles / intracellular compartments and on the inner 357 

plasma membrane, so that a direct interaction with PrP would require mislocation of either 358 

protein. Both, PrP and syntaxin-6 contain a trans-membrane domain and  PrP can populate 359 

transmembrane forms in neurons (73,74). It is therefore plausible that, similar to the tau 360 

protein, PrP and prions bound to the membrane bilayer could interact with the 361 

transmembrane domain of syntaxin-6. Alternatively, mislocation of misfolded PrP assemblies 362 

could facilitate interaction with syntaxin-6. Amyloid assemblies can disrupt membrane 363 

integrity through mechanical rupture, pore formation or altering membrane curvature (75,76). 364 

Disruption of membranes on the cell surface and in vesicles of the endocytic pathway, is a 365 

central step in the internalization of other misfolded polypeptides, such as Aβ (77,78). 366 

Similarly, it has been hypothesized to be necessary for cellular prion propagation (21). 367 

These processes could bring misfolded PrP into direct contact with syntaxin-6. FRET 368 

imaging suggests a direct contact between PrP and syntaxin-6 in a membrane-associated 369 

compartment in prion infected cells (Figure 4A and Figure 4 – figure supplement 1B), 370 

supporting this hypothesis. 371 

 372 

Conclusions 373 

We developed an aggregation assay of murine and human prion protein under near-native 374 

conditions. PrP forms amyloid fibrils under the assay conditions, which bind ThT and which 375 

can seed further fibril formation. Unlike natively unfolded proteins, however, PrP fibril 376 

formation does not scale strongly with monomer and seed concentrations, suggesting that 377 

structural conversion of native PrP into the amyloid fold is rate limiting. This is consistent 378 

with the observation that the time constant of exponential prion replication in vivo is 379 

independent of PrP expression (9). 380 

In the NAA both the PrP and potential protein modulators of aggregation are in their native 381 

conformation, which means that mechanisms by which protein and small modulators alter 382 

amyloid formation can be assessed. We analysed the effect of syntaxin-6, a recently 383 

proposed risk factor for sCJD, on PrP self-assembly. To our surprise, we discovered that the 384 

protein acts as an ‘anti-chaperone’, which, by delaying PrP fibril formation, prolonged the 385 

persistence of toxic aggregation intermediates in vitro. Genetic variants in or near to STX6 386 

that enhance brain expression of the protein might therefore modify risk of CJD by direct 387 
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interaction with PrP and changing aggregation pathways, including the possibility of 388 

favouring more toxic aggregation intermediates.  389 

While at this point we cannot assess whether the toxicity of PrP aggregation intermediates 390 

formed in vitro recapitulates the authentic PrP species responsible for neurotoxicity in prion 391 

disease in vivo, our data highlight a new mechanism by which protein modulators of amyloid 392 

formation can have counter-intuitive deleterious effects.  393 
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 420 

Methods and Materials 421 

Protein Expression and Purification: 422 

 423 

Human PrP (23-231), Mouse PrP (23-231) 424 

The open reading frame of the human PrP gene (PRNP) (residues 23-231), containing 425 

methionine at residue 129 and the mouse PrP gene (Prnp) (residues 23-231, including 426 

S231), was synthesised de novo by Eurofins MWG Operon, with a thrombin-cleavable His-427 

Tag added to the PrP N-terminus. The ligated pTrcHisB/PRNP and pTrcHisB/Prnp 428 

constructs were used to transform the Escherichia coli host strain BL21(DE3) (Novagen), 429 

genotype F′ ompT hsdSB (rB- mB-) gal dcm (DE3), which was then plated onto Luria-Bertoni 430 

(LB) agar plates containing 100 μg / mL carbenicillin. Cultures were grown for purification 431 

using a modification of protocols previously described (79). Briefly, following harvesting, cells 432 

were sonicated and their inclusion bodies containing PrP resolubilised in 6 M Guanidine 433 

Hydrochloride (GuHCl), 50 mM Tris-HCl, 0.8% β-mercaptoethanol, pH 8.0. These were 434 

loaded onto a Ni-NTA column equilibrated in 6 M GuHCl, 10 mM Tris-HCl, 100 mM Na2PO4, 435 

10 mM glutathione pH 8.0, and eluted from the column using 10 mM Tris-HCl, 100 mM 436 

Na2PO4, 2 M Imidazole pH 5.8. Residual GuHCl was removed through dialysis against 20 437 

mM Bis Tris.HCl pH 6.5, CaCl2 added to a final concentration of 2.5 mM, and the N-terminal 438 

His-tag cleaved by thrombin for 16 h at room temperature (0.1 U thrombin (Novagene) / 1 439 

mg of PrP added). The cleaved protein was loaded onto a second Ni NTA column 440 

equilibrated with 20 mM Bis-Tris pH 6.5, 25 mM imidazole pH 6.5 and the eluted PrP peak 441 

was collected and dialysed against 10 mM Bis Tris pH 6.5, and aliquoted and stored at -442 

80oC. Protein concentrations were determined by UV absorption at 280 nm using a 443 

calculated molar extinction of 56667 M-1 cm-1 and  62268 M-1 cm-1 for human and mouse 444 

PrP, respectively (https://web.expasy.org/protparam). 445 

 446 

SEC of Syntaxin-6 / hPrP23 / mPrP23  447 

2 mL Pre-concentrated, pre-cleared protein was loaded via injection valve onto a Sephacryl 448 

S100HR column (GE Healthcare) (26/60: 320 mL bed volume) that had been pre-449 

equilibrated with 20 mM Tris-HCl, 0.2 M NaCl, pH 8. A flow-rate of 2 mL / min was used; all 450 

eluted peaks were checked on a silver stained NuPage Bis Tris 12% gel, using the protocol 451 

according to the silver staining kit (SilverQuest Silver Staining Kit-1, LC6070, Life 452 

Technologies Ltd) and the purified protein was aliquoted and stored at −80°C until use. 453 

https://web.expasy.org/protparam
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 454 

 455 

 456 

Stathmin 1 (STMN1) / Heat-Shock Protein 70 (HSPA1A)  457 

Glycerol stocks of E. Coli BL21 strains expressing His-tagged STMN1 and HSPA1A were a 458 

gift by E. Wanker, MDC-Berlin, Germany. Small scale cultures of STMN1 and HSPA1A were 459 

cultured in LB/Amp (100 µg / mL) by inoculating with stabs from glycerol stocks. Cells were 460 

pelleted and then inclusion bodies lysed in 1 mL lysis buffer (containing 50 mM Tris, 0.2 M 461 

NaCl, pH8 containing 0.1% Tween20, 0.5% NP40, 50 U / mL Benzonase, 10 µg / mL 462 

Lysozyme and 1 mM PMSF) placed on ice for 1 h with gentle vortexing every 15 min. (All 463 

centrifugations were done at 4°C to further prevent non-specific cleavage by proteases and 464 

samples were kept on ice.) The lysate was cleared by centrifugation (1 h, 16100 rpm) and 465 

then loaded onto 2 mL NiNTA resin bed packed in mini spin columns, pre-equilibrated with 466 

buffer containing 50 mM NaH2PO4, 0.3 M NaCl, 20 mM Imidazole at pH 8. The cleared 467 

lysate was loaded onto the column, unbound was eluted off the column first with gentle 468 

centrifugation (2 min, 2000 rpm); the resin was washed to thoroughly remove unbound 469 

protein by twice loading 700 µl pre-equilibration buffer (see above) and centrifugation for 30 470 

s, 2000 rpm and then 2 min, 2000 rpm for the second wash. Finally, the pure protein was 471 

eluted in elution buffer (containing 50 mM NaH2PO4, 0.5 M NaCl, 0.5 M imidazole, pH 8). 472 

This was done by loading 100 µl elution buffer with a 30 s centrifugation at 2000 rpm 473 

followed by a second elution with 150 µl elution buffer and a 2 min centrifugation at 2000 474 

rpm. Both fractions were pooled and checked for purity as below. 475 

The purified STMN1 and HSP70 recombinant proteins were checked for purity by coomassie 476 

staining after PAGE on NuPage BisTris 12% gels. Protein identity was confirmed by mass 477 

spectrometry following a standard trypsinization protocol on a Waters Xevo-XS spectrometer 478 

as described in (5).  479 

 480 

Syntaxin-6 (STX6) 481 

Syntaxin-6 (residues 38-318; Accession number KU144824) was prepared according to 482 

(80))with modifications. Briefly, the DNA sequences encoding the syntaxin-6 protein in 483 

pQTEV were transformed into BL21 (DE3). BL21 cultures were grown in LB medium in the 484 

presence of 100 µg / mL Ampicillin. Expression of the protein was induced using 1 mM IPTG 485 

and was purified from inclusion bodies under denaturing conditions using Nickel superflow 486 

resin with an AKTA Pure (GE health care Life Sciences). The protein was refolded on NiNTA 487 
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resin and eluted from the column using an imidazole gradient. The eluted material was 488 

extensively dialysed against 20 mM Tris, 2 mM EDTA, 10 mM DTT, 200 mM NaCl pH 8.0. 489 

DTT concentration was reduced to 2 mM in the final storage buffer. Syntaxin-6 was further 490 

purified by size exclusion chromatography as detailed above resulting in a protein band with 491 

an apparent molecular weight of ~28 kD (Figure 1 – figure supplement 1A).  The final 492 

concentration of the syntaxin-6 protein was determined by absorption measurement at 280 493 

nm, ε = 31970/M/cm. Aliquots were stored at −80°C until use.  494 

 495 

 496 

Circular Dichroism (CD) spectroscopy 497 

CD data were recorded on a Jasco J-715 spectrophotometer equipped with a thermoelectric 498 

temperature controller. A 1 mm path length cuvette was used for all CD spectroscopy 499 

measurements. Wavelength measurements were recorded from 195 nm to 260 nm at 20⁰C, 500 

using 0.36 mg / mL syntaxin-6 in 10 mM Na-phosphate, pH 8.  501 

 502 

 503 

Native Aggregation Assay (NAA) 504 

PrPC was filtered through a 100 kD membrane filter in 10 mM Bis Tris pH 6.5 (Amicon 505 

ULTRA 0.5 mL 100K 96PK, UFC510096, Merck Life Science UK Ltd) to remove aggregates 506 

and then diluted into reaction buffer (50 mM Na-phosphate, pH 6.8, 150 mM NaCl, 0.01% 507 

Na-Azide, 20 µM ThT and 5 mM Bis-Tris pH 6.5) with the addition of 0.1% seed (w/w), 508 

unless indicated otherwise. The standard final concentrations of PrP and NaCl were 2.5 µM 509 

and 150 mM, pH 6.8 unless indicated otherwise. The seed consisted of aggregated PrP 510 

material from an unseeded reaction under the same conditions as above. It was diluted to 511 

10% (w/w) in 5 mM Bis-Tris, pH 6.5 and sonicated in a water bath sonicator (GRANT, 512 

XUBA1) for 15 min prior to addition to the reaction mix. Aggregation assays for neuronal 513 

toxicity were set up in parallel to the standard assays for kinetic analysis, but here the ThT 514 

and Na-Azide was omitted from the reaction mixes. 515 

The seed and post aggregation samples were handled with pre-silanised tips, in pre-516 

silanised non-binding tubes (Repel-silane ES, Sigma, 17-1332-01). The reaction mix (94 µl 517 

per well) was dispensed into low binding 96 well COSTAR (#3651) plates and three silanised 518 

zirconium beads (0.5 mm diameter, Figures 1-4; 1 mm diameter, Figure 5) were added to 519 

each well. A single glass bead (2 mm) was added instead of the Zr beads where indicated. 520 

ThT kinetics were recorded on a BMG ClarioStar plate reader at 42°C with a shaking speed 521 
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of 700 rpm, set to shake for 100 s with an incubation time of 20 s between agitation. Focal 522 

height was set to 20 mm, top read, with excitation at 440 nm and emission set to 485 nm. 523 

Aggregation kinetics were fitted in Matlab E2021b using the following equation: 524 

𝐹 = 𝑓0 +
𝐴

1 + 𝑒−𝑘 𝑡−𝑡50 
                                             

𝑡𝑙𝑎𝑔 = 𝑡50 −
2

𝑘
                                     Equation 1 

 525 

For Amylofit analysis (81), kinetic traces were normalized to the first 5 h of the plateau phase 526 

and noise in the fluorescence signal was smoothed by calculating a 6 h moving average. 527 

Half times were calculated in Amylofit and kinetics were analyzed at monomer 528 

concentrations of 2, 6, 10, 16 and 20 µM and a seed concentration of 2 nM (monomer 529 

equivalent) using the models for fragmentation, saturated elongation + fragmentation, 530 

secondary nucleation + fragmentation and nucleated polymerization.    531 

 532 

EM grid preparation  533 

End-point samples (5-6 μL)  from native aggregation assays sonicated in a water bath for 534 

10-15 s  were loaded onto carbon-coated 300 mesh copper grids (Electron microscopy 535 

Sciences) that had been glow discharged for 40 s using an PELCO easiGLOW™ glow 536 

discharge unit (Ted Pella Inc., USA). Samples were left to bind for 30 min, blotted dry, 537 

washed in water (1 x 50 μL), blotted, and then stained with 10 μL Nano-W (methylamine 538 

tungstate) stain (Nanoprobes) for 1 min followed by 30 s (with blotting in between stain 539 

times).  Images were acquired on a Talos electron microscope (FEI, Eindhoven, NL now 540 

ThermoFisher). 541 

 542 

Immunogold labelling of PrP fibrils with NAPTA precipitation 543 

40 µL of fibrils (completion at 115 h) were dispensed into an RNase free pre-silanised tube 544 

with silanised tips and centrifuged for 1.5 h (4°C, 16100 rpm) after which the pellet was 545 

resuspended in 500 µL TBS containing 0.1% (w/v) sarkosyl with sonication for 30 s in a 546 

water bath sonicator (GRANT, XUBA1), and incubated with syntaxin-6 antibody (C34B2) 547 

Rabbit mAb 2869 (Cell Signaling Technology Europe B.V, 2869S; 1:100) for 16 h at 25 °C 548 

with gentle agitation. 549 
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The following day, the fibrils were precipitated with sodium phospho-tungstate (NaPTA) by 550 

addition of 40.5 µL of 4% (w/v) NaPTA (prepared in H2O; pH 7.4) and centrifuged at top 551 

speed for 30 min to recover a pellet which was resuspended in 10 µL total volume of 1:20 552 

(v/v) Goat anti-Rabbit IgG conjugated to colloidal gold (10 nm) (Insight Biotechnology Ltd, 553 

GA1014) in TBS containing 5% (v/v) glycerol and incubated at 25 °C for 3 h with gentle 554 

agitation. The sample was pulse centrifuged for 5 s and 5 µL labelled sample was loaded 555 

onto a glow-discharged carbon coated grids and stained with Nano-W as previously 556 

described without the 10-15 s pre-sonication step. 557 

 558 

SR sample preparation 559 

8-well chamber slides (IBL Baustoff, 2 20.140.082, C8-1.5-H-N, 8 well chambered cover 560 

glass with #1.5 high performance cover glass, 0.170 +/- 0.005 mm) were cleaned by soaking 561 

them overnight in a 2% solution of Hellmanex II detergent diluted in ultrapure water and then 562 

washed thoroughly in ultrapure water before rinsing in 100% methanol and then a final 563 

thorough rinse in ultrapure water and then allowing the slides to dry. 564 

Once dry, the slides were glow discharged for 40 s using a PELCO easiGLOW™ glow 565 

discharge unit (Ted Pella Inc., USA). 10 µL sample was added to the centre of a well and 566 

allowed to incubate for 1 h for the fibrils to adhere to the glass. The well was then washed 567 

5X with 500 µL of HPLC purified water before 200 µL buffer (which consists of   10nM Nile 568 

Red (Sigma-Aldrich, 72485-1G in PBS or GLOX buffer). The wells were then sealed either 569 

with Nescofilm or TWINSIL before imaging on a custom built TAB/dSTROM super-resolution 570 

microscope (34).  571 

Enzymatic oxygen scavenger (GLOX, glucose oxidase with catalase) buffer consisted of two 572 

solutions. Solution A: Tris (50 mM, pH 8.3), NaCl (10 mM), glucose (10% w/v), and -573 

mercaptoethylamine (Sigma-Aldrich, 30070, 10 mM). Solution B: glucose oxidase (Sigma-574 

Aldrich, G2133, 8 mg), and catalase (Sigma-Aldrich, C100, 38 L, 21 mg / mL) in PBS (160 575 

µL). Solutions A and B were mixed at the ratio of 99:1 (v/v) immediately before use. 576 

 577 

Labelling recombinant protein with AlexaFluor dyes 578 

AlexaFluor Dyes (AlexaFluor TM 488 NHS Ester, A20000, AlexaFluor TM 647 NHS Ester, 579 

A20006, AlexaFluor™ 488 C5 Maleimide, A10254, thermofisher.com) were diluted in DMSO 580 

to a stock concentration of 10 mg / mL. The dyes were mixed with the recombinant protein 581 

constructs at a molar ratio of 2:1 dye:protein construct. The mixture of dye and protein 582 

https://www.thermofisher.com/order/catalog/product/A10254?SID=srch-srp-A10254#/A10254?SID=srch-srp-A10254
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constructs were protected from light by covering the vessel with foil and left to mix on a 583 

rotator overnight at 4°C. The following day, the unbound dye was removed by dialysis in 2.5 584 

L for 2 x 1 h, with 8 kD dialysis membrane (SpectraPor 7 8000 Dalton MWCO; 11425919, 585 

Fisher Scientific UK). For syntaxin-6 the buffer used for dialysis was 10 mM Na-586 

phosphate,150 mM NaCl, 2 mM EDTA, 2 mM DTT, pH 8; for PrP, the buffer used for dialysis 587 

was 10 mM Bis-Tris, pH 6.5. Once dialysis was complete, the labelled protein was recovered 588 

from the dialysis membrane and checked on a 4-12% Bis-Tris gel. To check labelling 589 

efficiency, an absorption spectrum measurement (200-700 nm) was taken and the final 590 

concentrations of dye and protein were calculated according to the manufacturer protocol. 591 

The labelled proteins were then aliquoted and stored at -80°C. 592 

 593 
 594 

Primary Neuronal Culture and Toxicity Analysis 595 

Primary neuronal cultures were derived from brains of unmodified inbred FVB/N mice. 596 

Hippocampi of male and female E17 mouse brains from a single litter (7-9 embryos) were 597 

dissected in HBSS (ThermoFisher Scientific) supplemented with 1% L-glutamine, 1% 598 

HEPES and 1% pen-strep. Cells were dissociated using 0.25% trypsin+0.04% benzonase, 599 

triturated mechanically and counted using a Neubauer haemocytometer. Cells were plated in 600 

DMEM supplemented with 10% horse serum (#26050-88, Invitrogen) at 10K / well to the 601 

inner 60 wells of poly-L-lysine coated 96 well plates (Greiner, 655936). At 1 h post-plating, 602 

DMEM medium was aspirated and exchanged for Neuralbasal medium (21103049, 603 

ThermoFisher Scientific) supplemented with 0.25% Glutamax (35050061, ThermoFisher 604 

Scientific) 2% Gibco B27 supplement (17504044, ThermoFisher Scientific) and incubated at 605 

37°C (20% O2, 5% CO2). FVB/N neurons were maintained in culture for 11-12 days prior to 606 

a 96 h treatment. Images of live cells were taken on an IncuCyte S3 reader (Sartorius) with a 607 

20x objective in phase contrast. 4 views were captured in each well every 4 h. PrP samples 608 

were diluted 1:10 into fresh media and added at the 24 h mark. 609 

Neurite lengths were evaluated using the NeuroTrack module of the IncuCyte S3 software 610 

package (rev 2019A) using the following parameters: cell body cluster segmentation 0.7; 611 

cleanup 0; cluster filter 0; neurite sensitivity 0.25; neurite width 1 μm. Detected neurite 612 

masks are highlighted in pink in images. Neurite length data were normalized to the initial (0 613 

h) value for each well and means ± standard deviation were calculated from quintuplicate 614 

sample wells. Average neurite lengths at the 80-100 h time interval were visualized in a box 615 

plot.  616 

The number of live neurons was counted after 0 d and 4 d incubation as a secondary toxicity 617 

assay. Data represent averages from four images under each condition and time point, 618 
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normalized to the number of neurons present at the time of protein addition in each field of 619 

view. ANOVA statistical analysis was performed in OriginPro 2019. 620 

 621 

Förster Resonance Energy Transfer (FRET) imaging 622 

500 µL of 50,000 cells / mL (uninfected S7 and infected iS7 subclones of PK1 N2a 623 

neuroblastoma cells) were plated in 8-well chambered glass coverslips (ThermoScientific 624 

(155411)) and incubated at 37°C / 5% CO2 for 3 days. Cells were then fixed for 15 min at 625 

RT with 3.7% formaldehyde diluted in Dulbecco's phosphate-buffered saline (DPBS; Gibco, 626 

(14190-094)). After washing once with DPBS, cells were treated with ice-cold acetone for 1 627 

min. Cells were washed before treatment with 3.5 M GdnSCN for 10 min. Following five 628 

washes the cells were incubated with anti-syntaxin-6 (Cell Signalling Technologies (#2869), 629 

clone C34B2, 1:300) and/or anti-PrP (Biolegend (808001) clone 6D11, 1:10,000; Santa Cruz 630 

(sc-47730), 5B2, 1:500; Sigma (P0110), clone 8H4, 1:500) in sterile-filtered 0.25X 631 

SuperBlock in PBS overnight at 4°C, followed by secondary antibodies (Alexa Fluor 647-632 

AffiniPure Goat Anti-Rabbit IgG (H+L) and/or Rhodamine Red™-X (RRX) AffiniPure Goat 633 

Anti-Mouse IgG (H+L), 1:1000) and a DNA counterstain (DAPI; 1:10,000) in 0.25X 634 

SuperBlock overnight at 4°C.  Antibodies were removed and following one wash imaging 635 

was performed with a Zeiss LSM 710 laser-scanning microscope with oil-immersion 63x/1.4 636 

NA objective.   637 

Four images were acquired for each sample: a) donor (excitation 561 nm, emission 580-610 638 

nm); b) acceptor (633 nm excitation, 670-800 nm emission,  c) FRET excitation 561 nm, 639 

emission 670-800 nm, all using the MBS 488/561/633 triple dichroic mirror, and d) DAPI 640 

(405 nm excitation, 440-460 nm emission). Laser power, photomultiplier gain and pinhole 641 

size were adjusted as to not exceed the PMT dynamic range.  Identical parameters were 642 

used for all image acquisition. Three biological replicates were imaged, with n = 3-6 images 643 

each.  644 

FRET data were analysed using the ImageJ PixFRET plugin according to the developers’ 645 

manual (82). Syntaxin-6-only stained iS7 cells were used as acceptor bleed-though control 646 

and 5B2 / 6D11 / 8H4 only stained cells were used as donor bleed-through controls, 647 

respectively. FRET images were calculated at 1 pixel Gaussian blur and rendered using the 648 

Parula HDR lookup table at a range of 0-500. 649 

 650 

Cell lines 651 
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Neuro2a (N2a) cell line and derivatives - N2a cells (male donor) were sourced from ATCC 652 

(CCL-131). Prion susceptible subclones of N2a cells were derived as described in (36,83) 653 

and authenticated by transcriptomic analysis, where gene expression differences between 654 

original N2a cells and prion-susceptible subclones (PK1 S7, iS7) were investigated and 655 

documented (83).  All actively used N2a sublines are tested for mycoplasma contamination 656 

at least once every 2 years. No mycoplasma contaminations have been reported in the MRC 657 

Prion Unit in the last 10 years. 658 

 659 

Protein Misfolding Cyclic Amplification (PMCA) using Stx6+/+ and Stx6-/- Mouse Brain 660 

Homogenate 661 

Tissue Collection - Brains for the PMCA substrate were derived from juvenile Stx6+/+ and 662 

Stx6-/- male C57BL/6N mice at three months of age. Animals were sacrificed by CO2 663 

asphyxiation and immediately perfused with 20 mL ice cold perfusion buffer (1x DPBS + 664 

5mM EDTA). The perfused brain was then removed and stored frozen at -70°C until use. 665 

Substrate Preparation - 9% (w/v) mouse brain homogenates were prepared in ice cold 666 

conversion buffer (1x DPBS, 150 mM NaCl, 1% (v/v) Triton X-100) with protease inhibitors 667 

(1x Protease Complete with EDTA) with a dounce, glass homogeniser. Debris was removed 668 

by centrifuging the homogenates at 1200 g for 2 min, with the supernatant subsequently 669 

being collected and stored at -70°C until use.  670 

PMCA - 0.8 µL of seed (I6200 10% (w/v) brain homogenate from terminal RML-infected CD-671 

1 mice) was spiked into 0.2 mL PCR tubes containing 79.2 µL of Stx6+/+ or Stx6-/- substrate 672 

containing three 0.5 mm diameter zirconium beads. Samples were subjected to PMCA in an 673 

automated sonication bath (QSONICA) at 35°C for 96 cycles (50% amplitude, 30 sec 674 

sonication every 30 min) for a total of 48 min sonication over 48 h. Following sonication the 675 

samples were briefly centrifuged before storage at -80°C. Control reactions were also 676 

prepared which were directly frozen. 677 

Immunoblotting - Immunoblotting was performed as previously described with minor 678 

modifications 1. Briefly, each reaction was incubated with proteinase K (Roche, Cat no. 679 

3115887001) at 50 μg/mL for 30 min at 37°C. 20 µL of PK digested material was 680 

electrophoresed and gels electroblotted. Membranes were probed with 200 ng/ml ICSM35 681 

anti-PrP antibody (D-Gen Ltd) in PBST for 1 h at RT or overnight at 4°C. After washing the 682 

membranes were probed with a 1:10,000 dilution of alkaline-phosphatase-conjugated goat 683 

anti-mouse IgG secondary antibody (Sigma-Aldrich, A2179) in PBST. Blots were incubated 684 

for 5 min with CDP-Star™ Chemiluminescent Substrate (Thermo Scientific, T2147) and 685 
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visualized on Biomax MR film (Kodak) or visualized on a LiCor Odyssey imager using anti-686 

mouse pAb-IRdye800CW (1:5000) as secondary antibody. 687 

RML prion rods for immunoblotting were prepared as described in (84). Endpoint NAA 688 

samples (160 µl, 2.5 µM hPrP23 monomer equivalent) were digested with proteinase K (50 689 

µg/mL) at 37°C for 30 min, pelleted with 4% (w/v) NaPTA as described above, resuspended 690 

in 10 µl water and sonicated for 15 min in a water bath sonicator (GRANT, XUBA1) before 691 

SDS-PAGE and blotting.  692 

. 693 

Work with animals was performed under the licence granted by the UK Home Office (Project 694 

Licences 70/6454 and 70/7274) and conformed to University College London institutional 695 

and ARRIVE guidelines. 696 

  697 
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 981 

 982 

Figure 1: Native aggregation assay (NAA) of human PrP (23-231).  (A) Seed titration 983 
experiment using seed generated from hPrP23 fibrils formed de novo in NAA, seed fraction 984 
(w/w), 2.5 µM hPrP23, pH 6.8, 42°C. (B) Plot of lag phase vs. fraction of seed, n = 3. (C) 985 
TEM image of hPrP23 fibrils formed after 166 h incubation. (D) Western blot (ICSM35) of ex 986 
vivo RML prions and NAA aggregation endpoint samples after digestion with proteinase K 987 
(50 µg/ml, 30 min) and NaPTA precipitation. (E-H) Titration of PrP concentration (0.3 µM - 988 
20 µM) in ThT aggregation assays containing 0.01% seed, pH 6.8, 42°C. (E) Plot of ThT 989 
fluorescence vs. time. (F) Plot of lag time t50 vs. PrP concentration. (G) Plot of elongation 990 
rate constant k vs. PrP concentration. (H) Plot of fluorescence amplitude A vs. PrP 991 
concentration.  992 

  993 
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 994 

Figure 2: Syntaxin-6 (STX6) delays hPrP 23 fibril formation at molar ratios of 1:1 – 995 
1:100;  2.5 µM hPrP23, pH 6.8, 42°C, 0.01% seed. (A) ThT fluorescence vs time. (B) Plot of 996 
lag phase t50 vs. molar ratio of STX6 / PrP, n=3. (C) Plot of elongation rate constant k vs. 997 
molar ratio of syntaxin-6 / PrP. (D) TEM image of hPrP23 co-aggregated with syntaxin-6 at 998 
1:10 (STX6 / PrP) molar ratio under standard NAA conditions for 116 h. (E) Immuno-TEM 999 
image of hPrP23 – syntaxin-6 co-aggregate cluster after 100 h aggregation. Syntaxin-6 is 1000 
labelled with anti-syntaxin-6 Ab / 10 nm anti-rabbit immunogold beads); scale bars 200 nm.  1001 
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 1002 

Figure 3: Imaging of hPrP23 fibrils incubated with syntaxin-6. hPrP23 (2.5 µM) was pre-1003 
aggregated in NAA for 115 h, and incubated with syntaxin-6 (250 nM) for 1 h. hPrP was 1004 
visualized by TAB imaging using 10 nM Nile red dye; syntaxin-6 was labelled with 1005 
AlexaFluor488 (A-D) or AlexaFluor647 (E) and imaged by dSTORM. (A) SR image overlay 1006 
shows syntaxin-6 binding at hotspots and PrP fibril ends. (B) Magnified area from (A). (C) 1007 
Widefield image taken with green laser (561 nm) illumination. (D) Widefield image taken 1008 
under blue laser (473 nm) illumination. (E) SR image overlay of PrP and syntaxin-6-AF647 1009 
images; scale bars 2 µm. (F) TEM Immuno-gold staining of hPrP23 fibrils incubated with 1010 
syntaxin-6; scale bar 100 nm.  1011 
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 1012 

Figure 4. Interaction of PrP and syntaxin-6 in vivo. Non-infected PK1 cells and 1013 
persistently infected PK1 cells (iS7) were immuno-stained with anti-PrP antibodies 6D11 and 1014 
5B2 (green), with anti-syntaxin-6 antibody (red) and with DAPI (blue). FRET analysis reveals 1015 
interaction in perinuclear compartments (wide arrows) and at membranes in infected cells 1016 
(narrow arrows). Panels show zoomed regions of images in Figure 4 – figure supplement 1. 1017 
(B, C) In vitro prion replication by PMCA using Stx6+/+ and Stx6-/- mouse brains as substrate. 1018 
PMCA reactions were seeded with RML prions from terminally ill mice and subjected to 1019 
PMCA for 96 cycles over 48 h. (B) Representative Western blot (ICSM35) after PK digestion. 1020 
Molecular weight markers are indicated on the left. (C) The PrPSc signal was quantified using 1021 
densitometry and normalized to the control unamplified reaction. Bar graphs each represent 1022 
mean ± SD of biological replicates from three separate mice, each blotted as two technical 1023 
replicates.       1024 
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 1025 

Figure 5: Toxicity in mouse primary neurons incubated with hPrP23 / syntaxin-6 at 1026 
different aggregation time points. NAA was performed as in Figure 2 and samples were 1027 
diluted 1:10 into cell culture media at the indicated time points (0 h, 20 h, 40 h, 64 h, 90 h). 1028 
(A) Plot of effect of PrP (250 nM) on neurite length compared to effect of media or NAA 1029 
assay buffer at the same dilution from four independent wells. (B) Plot of effect of hPrP23 1030 
co-aggregated with syntaxin-6 (STX6, 1 in 10 molar ratio). (C)  Box plot of average relative 1031 
neurite lengths between 80-100h incubation of PrP in the cell culture media. P-values are 1032 
derived from ANOVA testing between PrP vs PrP/syntaxin-6 samples at each time point.   1033 
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 1035 

Figure 1 – figure supplement 1: Protein characterization. (A) Coomassie/silver stained 1036 
gels of purified hPrP23, mPrP23 and candidate proteins. (B) Circular dichroism spectrum of 1037 
purified syntaxin-6 (STX6) protein showing a mostly alpha helical shape with minima at 208 1038 
nm and 223 nm. (C - E) Circular dichroism spectra of Hsp70 (HSPA1A), stathmin 1 1039 
(STMN1), human PrP 23-231,129M (hPrP23), and mouse PrP 23-231 (mPrP23).  1040 
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 1041 

Figure 1 – figure supplement 2: Optimisation of NAA. (A) Plot of mPrP23 ThT 1042 
fluorescence over time at 37°C, 42°C and 50°C (pH 7.4). (B) mPrP23 NAA aggregation 1043 
kinetics at pH 6.6, 6.8, 7.0 and 7.2 at 42°C. (C) NAA aggregation kinetics of hPrP23 (2.5 µM) 1044 
with Zr vs glass beads, pH 6.8 at 42°C. (D-F) mPrP23 seed titration experiments comparing 1045 
seeding from synthetic PrP fibrils (Sp) and purified prion rods from mouse prion strains ME7 1046 
and RML. (D) Plot of time to half-maximal fluorescence (t50) (E) elongation rate constant (k), 1047 
and (F) ThT amplitudes as functions of seed concentration, n=5. (G) TEM image of mPrP23 1048 
fibrils formed after 47 h incubation at pH 6.8, 42°C; scale bar 100 nm. (H) Silver stain gel of 1049 
hPrP23 monomer and NAA product after 30 min PK digestion (50 µg/ml). 1050 

 1051 

  1052 
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 1053 

Figure 1 – figure supplement 3: mPrP23 seeding kinetics. Graphs of NAA on mPrP23 1054 
(10 µM= seed titration experiments demonstrate seed concentration-dependent acceleration 1055 
of fibril formation. (A) First generation (spontaneous) seed. (B) Seed generated from RML 1056 
mouse strain (C) Seed generated from ME7 mouse strain. Solid lines indicate sigmoidal fits 1057 
of the data. Post aggregation decay of ThT fluorescence, which was likely due to adsorption 1058 
and sedimentation, was not included in the fits.  1059 
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 1060 

Figure 1 – figure supplement 4: Amylofit analysis of concentration dependent NAA 1061 
data. Aggregation data from experiment shown in Figure 1E were smoothed by moving 1062 
average and normalized (A) and then analysed in the Amylofit framework to generate t50 1063 
values (B; n=3). (C-F) Global fitting of data using different models for aggregation kinetics as 1064 
indicated.. Only the model including saturated elongation adequately fitted the data.  1065 
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 1066 

Figure 2 – figure supplement 1: TEM images of NAA aggregation end-points of hPrP23 1067 
co-aggregated with HSP70 (HSPA1A) or stathmin 1 (STMN1). (A) PrP forms amorphous 1068 
aggregates in presence of HSPA1A at 1 in 10 molar ratio. (B) PrP forms fibrillar aggregates 1069 
in presence of STMN1 at 1 in 10 molar ratio; scale bar 100 nm. 1070 

  1071 
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 1072 

 1073 

 1074 

Figure 2 – figure supplement 2: Sedimentation assay of hPrP23. hPrP23 was incubated 1075 
for 0 – 90 h alone or co-aggregated with syntaxin-6 (1 in 10 molar ratio) or HSPA1A (1 in 10 1076 
molar ratio). Protein samples were centrifuged; supernatants were collected and analysed by 1077 
silver stained SDS-PAGE.  1078 

1079 
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 1081 

Figure 2 – figure supplement 3: Seeding capacity of aggregation intermediates. 1082 
Aggregates of hPrP23 (black) or hPrP23 co-aggregated with syntaxin-6 (STX6, 1 in 10 molar 1083 
ratio; orange) collected at 20 h (A), 40 h (B), 60 h (C) and 90 h (D) were used to seed a 1084 
second aggregation assay using hPrP23 as substrate; seed concentration 0.1% (w/w). 1085 
Aggregation time points correspond to those used in toxicity assays. Graphs represent 1086 
averaged data of three replicate experiments.  1087 
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 1088 

Figure 2 – figure supplement 4: Secondary seeding seed dilution experiment of 1089 
hPrP23 aggregates. (A) NAA experiment of hPrP23 (2.5 µM) in the absence (orange) or 1090 
presence of stx6 (0.25 µM, grey). (B) Endpoint aggregates (t = 70 h) were separated into 1091 
total, soluble (supernatant) and insoluble (pellet) fractions, which were resuspended to the 1092 
original volume and sonicated to generate secondary seeds. (C-E) Box plots of times to half 1093 
maximal fluorescence (t50) in secondary hPrP23 seeding assays seeded at 10-3 to 10-8 seed 1094 
to monomer ratio using total, supernatant and pellet seed fractions; n=3, data points at the 1095 
bottom of graphs indicate samples that failed to aggregate. 1096 

1097 
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Figure 2 – figure supplement 5: Secondary seeding seed dilution kinetics. Kinetic 1099 
traces of hPrP23 NAA secondary seeding assays at 10-3 to 10-8 seed to monomer ratio 1100 
described in Fig 5 S3; (A) total, (B) pellet, (C) supernatant seed fractions and unseeded 1101 
kinetics; n = 3, only dilutions 10-3 to 10-5 are plotted for supernatant seeds. 1102 

  1103 
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 1104 

 1105 

Figure 2 – figure supplement 6: Salt-dependent inhibition of fibril formation.  Syntaxin-1106 
6, STMN1, HSPA1A 1:10 molar ratio were incubated with hPrP23. (A) Plot of relative ThT 1107 
fluorescence profiles vs time in NAA (150 mM NaCl, 42°C, 0.01% seed,). (B) Plot of lag 1108 
phase t50 vs NaCl concentration for hPrP23 alone vs co-aggregated with syntaxin-6 (STX6) 1109 
at 1:10 molar ratio. (C) Plot of elongation rate constant k vs. NaCl concentration.  (D) Plot of 1110 
lag phase t50 vs NaCl concentration for hPrP23 alone vs co-aggregated with HSPA1A at 1111 
1:10 molar ratio. (E) Plot of lag phase t50 vs NaCl concentration for hPrP 23-231 alone vs co-1112 
aggregated with STMN1 at 1:10 molar ratio.  1113 
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 1114 

Figure 3 – figure supplement 1: Overlay of dSTORM SR images taken at 473 nm and 1115 
638 nm excitation. Co-aggregates of hPrP23 and syntaxin-6 formed in NAA under 1116 
conditions of Figure 3. (A) Co-aggregation of hPrP23 labelled with AlexaFluor 647-NHS (2.5 1117 
µM, 3% labelled, 95% unlabelled) with 10 nM syntaxin-6 labelled with AlexaFluor488-NHS 1118 
(B) Co-aggregation of PrP labelled with AlexaFluor 488-NHS (2.5 µM, 5% labelled, 95% 1119 
unlabelled) with syntaxin-6-AlexaFluor647 at 1:10 molar ratio (syntaxin-6, 250 nM, 4% 1120 
labelled, 96% unlabelled). Insets: wide field images with 473 nm and 638 nm excitation and 1121 
composite image of both channels. 1122 
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 1124 

Figure 3 – figure supplement 2: TAB SR microscopy images of aggregation endpoints 1125 
of hPrP23. hPrP23 was aggregated in NAA with increasing salt concentrations from 0 mM to 1126 
600 mM NaCl for 140 h; scale bars 2 µm. 1127 
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Figure 3 – figure supplement 3: TAB SR microscopy images of aggregation endpoints 1129 
of hPrP23 co-aggregated with syntaxin-6. NAA was performed for hPrP23 / syntaxin-6 co-1130 
aggregation (1:0.1 molar ratio) at increasing salt concentrations from 0 mM to 600 mM NaCl 1131 
for 140 h; scale bars 2 µm. 1132 

1133 
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  1134 

Figure 4 – figure supplement 1: hPrP / syntaxin-6 FRET analysis. PixFRET analysis of 1135 
non-infected PK1 cells and persistently infected PK1 cells (iS7). Cells were immuno-stained 1136 
with anti-PrP antibodies 6D11, 8H4 or 5B2 (green), with anti-syntaxin-6 antibody (STX6, red) 1137 
and with DAPI. (C) Schematic of binding locations of antibodies used in FRET analysis (5B2, 1138 
6D11, 8H4). Numbers represent putative epitopes. Figure 4 - figure supplement 1C is 1139 
adapted from Figure 2B from Castle and Gill, 2017 (85).  1140 
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 1141 

Figure 4 – figure supplement 2: hPrP/syntaxin-6 FRET analysis controls. PixFRET 1142 
analysis of control cells. iS7 Cells were immuno-stained with anti-PrP antibodies 6D11, 8H4 1143 
or 5B2 (green) only, with anti-syntaxin-6 antibody (STX6, red) only, or with secondary 1144 
antibodies only and with DAPI.   1145 
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 1146 
Figure 5 – figure supplement 1: Survival of primary neurons. Numbers of live primary 1147 
neurons after incubation with hPrP23 or hPrP23 co-aggregated with syntaxin-6 (STX6, 1 in 1148 
10 molar ratio) as in Figure 5. Relative numbers of neurons after 4 h incubation in four fields 1149 
of view per sample were normalized to the same FOV at t = 0 h;  * indicates p < 0.05, ** p , 1150 
0.001, *** p < 0.0001, n.s. not significant from ANOVA statistical analysis. 1151 
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