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Abstract 

 This study aimed to establish a better understanding of the structural basis of 

yeast prion strains.  Prions are infectious agents that are comprised solely of protein, 

completely devoid of nucleic acid.  This protein-only model, however, initially had its 

share of skeptics who pointed to disease phenomenon that could not be explained by a 

proteinaceous infectious agent.  The existence of different strains was one such 

phenomenon that provided a formidable challenge to the protein-only prion hypothesis.  

How could a protein-only infectious agent cause different disease phenotypes in 

genetically identical animals?  The explanation for this strain phenomenon was that there 

existed multiple infectious conformations of the prion protein, each of which 

corresponded to a specific disease manifestation.  Although there was increasing 

evidence for multiple infectious conformations of the prion protein, the comprehensive 

connection from prion conformation to in vivo phenotype would most likely come from 

the more simple model yeast prion [PSI].  In these studies, I describe this yeast system 

and our structural studies that probed the conformational and physical differences 

between the aggregates responsible for two different strain phenotypes.  Initial studies 

established that these two different prion strains, called Sc4 and Sc37, were indeed 

caused by two different conformations of aggregate.  Our studies then established that 

these two conformations were physically distinct, the Sc4 conformation polymerizing 

slower but resulting in a physically weaker fiber and the Sc37 conformation polymerizing 

quickly into a strong and ridged structure.  Our subsequent studies used 

hydrogen/deuterium exchange NMR and mutagenesis two map out in detail the 

conformational differences between Sc4 and Sc37 fibers.  This study found that the Sc4 
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conformation represented a small core structure, while the Sc37 conformation 

represented an almost doubling of core structure.  These data provided a structural 

rationale for the observed physical differences between Sc4 and Sc37 aggregates.  Thus, 

a full explanation of how conformational heterogeneity can lead to distinct in vivo 

phenotypes is now possible.   
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Introduction 

 A Prion, as described by Stanley Prusiner in 1982, is “a small proteinaceous 

infectious particle which is resistant to inactivation by most procedures that modify 

nucleic acids”(Prusiner, 1982).  Initially allowing the presence of a small amount of 

nucleic acid, the prion hypothesis evolved to more narrowly describe the infectious agent 

as composed solely of protein (the prion protein Prp) and is completely devoid of nucleic 

acid (Cohen and Prusiner, 1998).  As a genome-less pathogen was a lengthy divergence 

from known infectious agents at the time such as bacteria and viruses, the prion protein-

only hypothesis has had a tumultuous journey to widespread acceptance.   

 Perhaps one of the more compelling arguments against the prion hypothesis was 

the existence of strains in prion diseases.  Strains were first observed as different isolates 

of the infectious agent that gave rise to different disease phenotypes in the form of 

incubation times and histopathology when introduced into genetically identical animals 

(Dickinson and Meikle, 1969).  Different disease strains are easily explained by 

differences in the infectious agent’s genome.  However, in the absence of any nucleic 

acid genome, as was proposed to be the case with prions, how could different strains 

possibly arise?  This was a large part of an argument against the protein-only hypothesis 

when in 1987 Bruce and Dickinson wrote in regards to the scrapie prion in sheep, “The 

considerable strain diversity in scrapie, together with the evidence for mutational change 

presented here and elsewhere, offer compelling arguments that scrapie has its own 

independently replicating genome” (Bruce and Dickinson, 1987).  Experiments with two 

different strains of prion-based transmissible mink encephalopathy (TME), however, 
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offered a possible explanation for this phenomenon.  Bessen and Marsh found that the 

infectious agent that caused the Drowsy (Dy) and Hyper (HY) strains in TME had 

different sensitivities to proteases despite being made up of the same prion protein 

(Bessen and Marsh, 1992, 1994).  This suggested that prion strains were the result of 

conformational heterogeneity; a model that bypassed the need for a nucleic acid genome.   

 Despite this study and increasing evidence from others, there remained resistance 

to not only the protein-only prion hypothesis, but also to the possibility that prion strains 

result from distinct infectious conformations of the prion protein.  How could a protein 

fold into multiple stable conformations?  How is the information encoding these distinct 

conformations accurately propagated to new hosts?  The answers to these questions and 

consensus on the protein-only hypothesis could not be satisfied without a glimpse into the 

structures of these infectious particles, as explained by Robertson when he stated that 

“Final judgment about the nature of the scrapie agent will not be possible until the 

structures of the prion protein and any associated nucleic acid can be related to scrapie 

strain specificity” (Robertson et al., 1985).  Thus, structural insights into prion particles 

were not only a matter of curiosity, rather, they held the possible solution to the prion 

strain enigma as well as bore some of the burden of proof for the protein-only hypothesis. 

 Since the protein-only hypothesis was first introduced in 1982, much progress has 

been made in the structural characterization of these proteinaceous infectious particles, 

often providing answers, or at worst, more tangible models for the existence of prion 

strains.  Prions adopt elongated, fibrous structures that result from the templated 

polymerization of the prion protein (Cohen and Prusiner, 1998).  The ultrastructural 

characteristics, tinctorial properties, and templating mechanism of prion aggregation 
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closely mirrors that of other amyloids, and as such has followed a similar trajectory of 

structure elucidation (Maji et al., 2009).  Although the first indications that prion strains 

relied on aggregate conformation were made over 15 years ago, high resolution insight 

into different conformations of prion aggregates and a detailed molecular understanding 

of the consequences of these structural deviations on prions strain phenotypes has only 

recently arisen.   

 One of the primary difficulties with studying mammalian prion strain structures is 

isolating appropriate particles that represent the true infectious material.  A given prion 

strain aggregate may not represent a single infectious conformation, rather, it may be 

composed of a spectrum of structures, not all of which may act as a true templating and 

toxic aggregate.  Selectively extracting structural data from strain-specific toxic 

aggregates has thus been difficult and limited to largely qualitative conformational 

studies.  Following Bessen and Marsh’s initial observations of the Dy and HY strains in 

TME, further work demonstrated the same conformational link to strains in Human prion 

diseases.  This study used a transgenic mouse line harboring a chimeric human/mouse 

Prp.  When infectious prion material was isolated from different sporadic and familial 

Creutzfeld-Jakob disease (sCJD and fCJD respectively) patients and inoculated into this 

transgenic mouse background, distinct strain phenotypes were observed in these 

otherwise genetically identical mice (Safar et al., 1998; Telling et al., 1996).  

Furthermore, like Bessen and Marsh, infectious material from mice infected with 

different prion strains displayed different protease sensitivities.  Further work on in vivo 

prion aggregates lead to the development of a few techniques aimed at identifying 

conformational differences between strains.  The first employed the use of antibody 
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detection.  Here, antibodies specific for Prp recognized their substrate most efficiently 

when the antigen was unfolded.  Thus, different strains of prions with different 

conformations had correspondingly different accessibilities for antibody binding (Safar et 

al., 1998).  Another method utilized protease sensitivity and aggregate unfolding in 

guanidine hydrochloride (GdnHCl).  Here, aggregate unfolding in increasing 

concentrations of GdnHCl was monitored through a concomitant increase in protease 

sensitivity.  Thus, half-maximal denaturation concentrations of several prion aggregates 

from different in vivo strains were determined, demonstrating a high degree of variation 

between strains, but reproducibility within the same strain (Peretz et al., 2001).  Both of 

these techniques were again able to identify the presence of reproducible conformation 

diversity between prion strains, however, they lacked the resolution to see what the 

conformational difference might be.   

 Higher resolution studies of mammalian prion strains have been more successful 

in a “synthetic” setting using in vitro formed recombinant protein aggregates.  By using 

purely in vitro systems, achieving a more homogeneous aggregate population may be 

more successful, however, perhaps at the expense of studying a truly physiologically 

relevant species.  For example, recombinant Prp lacks the native 

glycophosphatidylinositol (GPI) anchor and branched sugars, and producing infectious 

material from a purely in vitro source has been met with low infectious titers (May et al., 

2004).  Despite these caveats, multiple conformations of amyloid-like fibers have been 

produced from recombinant Prp.  Unlike in vivo prion sources which relied on different 

isolates of infectious matter, multiple conformations formed in vitro by either modulating 

the form of agitation while spontaneous fiber polymerization occurred (rotation vs. 
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shaking) (Makarava and Baskakov, 2008), or by seeding prion monomers from one 

animal species (i.e. mouse Prp), with two different animal species (i.e. Syrian hamster 

and Human Prp) (Jones and Surewicz, 2005).  Both these approaches yielded distinct 

conformations of aggregates that appeared morphologically different by either EM or 

AFM, and displayed differing β-sheet content by FTIR.  Whether these same 

conformational differences could be observed in physiologically relevant aggregates, 

however, remains to be seen. 

 A more recent structural study aimed to combine in vivo prion aggregates and 

recombinant Prp protein to make in vitro aggregates that more closely reflect the in vivo 

structures (Smirnovas et al., 2009).  This approach is based on a technique developed by 

Soto and co-workers called protein misfolding cyclic amplification (PMCA), where brain 

extracts from prion diseased animals are used as seed to convert non-diseased brain 

homogenates, thus amplifying the infectious material (Castilla et al., 2005; Saborio et al., 

2001).  Through repeated dilutions and amplifications, one can dilute out most of the 

original infectious seed, leaving primarily amplified infectious material.  The recent work 

from Surewicz’s group similarly used PMCA by starting with infected hamster brain, and 

used it to seed e. coli-produced Prp.  H/D exchange-MS performed on these PMCA 

aggregates and spontaneously formed aggregates again produced distinct structures, with 

the PMCA aggregates having an extended amyloid fold.  Although these observed 

structural heterogeneities may not represent aggregates of two distinct strains of prions, 

they do provide an idea of what strain-specific conformational differences may look like, 

and demonstrate the ability to do high-resolution structural studies on aggregates that 

may more closely resemble true infectious particles.  It will be exciting to see if this 
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technique could be extended to using multiple strains of in vivo aggregates as seeds for 

recombinant protein and what conformational differences between these strains emerge.   

 Although progress has been made in demonstrating that distinct prion strains arise 

from distinct conformations of the prion aggregates, a complete and fully satisfying link 

between conformation and phenotypic diversity has yet to be established in mammalian 

systems.  As mentioned, this is largely due to the difficulty of isolating a homogeneous 

preparation of physiologically relevant aggregates that are amenable to structural studies.  

Luckily, a more amenable analogous prion system in yeast exists, and is where much of 

the recent progress towards understanding the relationship between aggregate 

conformation and phenotype has been made.   

 Although prions were first hypothesized as the infectious agent for a class of 

diseases known collectively as transmissible spongiform encephalopathies (TSEs), they 

were later proposed to be the underlying causative agent for a number of epigenetic traits 

in fungi (Wickner, 1994; Wickner et al., 2007).  The yeast [PSI] system has provided an 

ideal platform on which to study the conformational basis of prion strain variants.  The 

[PSI] prion state can be monitored through a convenient color-based phenotypic readout 

wherein [psi-] (non-prion) cells adopt a red color phenotype, and [PSI+] (prion) cells have 

a white color phenotype (Chien et al., 2004).  [PSI+] strains are manifested in the form of 

different shades of color, ranging from dark pink, to pink, to white, and these color 

phenotypes remain stable upon multiple passages (Derkatch et al., 1996).  Precise control 

over which prion strain is adopted was demonstrated for two strains named Sc4 (white) 

and Sc37 (pink) (King and Diaz-Avalos, 2004; Tanaka et al., 2004).  When recombinant 

Sup35p (the causative prion protein for [PSI+]) was polymerized into aggregates at two 
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different temperatures, 4°C and 37°C, the resulting aggregates conferred the Sc4 and 

Sc37 [PSI+] strains respectively when introduced into [psi-] yeast.  Due to the loss-of-

(Sup35p)function nature of the [PSI+] prion, the actual differences in color phenotypes 

could be explained by differing residual quantities of soluble, and therefore functional, 

Sup35p in the [PSI+] backgrounds.  What could influence the levels of unaggregated 

protein in these cells?  Chapter 2 describes a biophysical study that began to shed light on 

this, showing that the two fiber preparations differed in their physical characteristics such 

as breakability and fiber polymerization rate; two factors that could have substantial 

effects on the efficacy of aggregates to recruit and sequester functional protein into the 

non-functional and aggregated state.  

 The second question this thesis aimed to address is, what are the conformational 

differences between the aggregates responsible for different prions strains?  A number of 

studies have employed various different techniques in an effort to determine the structure 

of SupNM fibers as well as the conformational differences between the different strains.  

Cysteine mutants with coupled EPR probes is an approach used by our lab to map the 

presence of structured at a particular residue through EPR probe mobility at that location 

(Tanaka et al., 2004; Tanaka et al., 2005).  This approach gave a low-resolution picture of 

fiber structure that spanned from residue 8 through 117.  Conformational differences 

between the Sc4 and Sc37 strains were subtle, most significant around residue 46 

(Tanaka et al., 2005).  FTIR in this study, however, provided some insight into the size of 

the core structures, as Sc4 had slightly less β-sheet content than Sc37 (Tanaka et al., 

2005).  This was consistent with biophysical data that suggested the Sc4 fibers were a 

weaker conformation than Sc37 (Tanaka et al., 2004; Tanaka et al., 2006).  These data 
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suggested different size amyloid core structures between the two conformations.  Another 

study that utilized cysteine mutants but coupled with fluorescent probes provided a 

different structural viewpoint (Krishnan and Lindquist, 2005).  This study identified the 

core amyloid fold to be between residues 25 and 106.  Furthermore, they identified a 

“head” region (residues 25-38) and “tail” region (residues 91-106) which they argue 

participate in a “head to head” and “tail to tail” fiber assembly process.  Strains in this 

study differed again by different size amyloid cores, Sc4 having a smaller one, and the 

precise locations of the “head” and “tail” contacts.  

 Another approach aimed to elucidate SupNM fiber structure and strain differences 

was x-ray crystallography.  David Eisenberg’s group has been successful at getting a 

number of short (5-7 residues) peptides from a number of amyloidogenic proteins 

including Sup35 to form microcrystals (Nelson et al., 2005; Sawaya et al., 2007; Wiltzius 

et al., 2009).  When they solved the structures of these crystals, they found them to be in 

an amyloid-like arrangement.  Thus, this potentially provided an atomic-resolution view 

of amyloid, and Sup35, fiber structure.  The Sup35 peptide structure consisted of the 

sequence GNNQQNY derived from residues 7-13.  This structure showed the peptide in 

an in-register parallel β-sheet structure with two sheets facing each other face to face, 

their respective side chains interdigitating with each other forming a sort of “steric 

zipper” structure.  This steric zipper was found to be a tight interface devoid of any water 

molecules, suggesting that a perturbation such as a mutation with conjugated probe 

inserted into this area would likely disrupt the local structure (Nelson et al., 2005).   

 The previously described structural studies have all had their limitations.  They 

either had very low resolution (FTIR), had limited resolution and relied on a potentially 
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perturbative technique (cysteine mutants with probes), or utilized a short peptide that may 

reflect a completely different structure outside of the context of the other 246 residues.  

Chapter 3 describes our study that aimed to circumvent these limitations through the use 

of hydrogen/deuterium (H/D) exchange NMR.  Here I describe that Sc4 exhibited 

extremely stable structure from residues 8-37 while Sc37 was structured from residues 5-

70.  This represents an almost doubling of structure in the Sc37 conformation, with 

evidence that the region of overlapping structure (residues 8-37) represented distinct 

conformations.  Thus, Sc4 and Sc37 most likely form two different folds on the 

monomeric level, rather than having an identical “amyloid core” with the Sc37 displaying 

an expansion of structure beyond that core.  Although we provide evidence and 

mechanism for the existence of strains in this particular yeast prion, much more work is 

needed to get to a similar level of understanding in the far more difficult mammalian 

prion system.   
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Abstract 

 A principle that has emerged from studies of protein aggregation is that 

proteins typically can misfold into a range of different aggregated forms. Moreover, 

the phenotypic and pathological consequences of protein aggregation depend 

critically on the specific misfolded form (Caughey and Lansbury, 2003; Dobson, 

2003). A striking example of this is the prion strain phenomenon, in which prion 

particles composed of the same protein cause distinct heritable states (Collinge, 

2001). Accumulating evidence from yeast prions such as [PSI+] and mammalian 

prions argues that differences in the prion conformation underlie prion strain 

variants (Brachmann et al., 2005; Collinge, 2001; King and Diaz-Avalos, 2004; 

Legname et al., 2004; Tanaka et al., 2004). Nonetheless, it remains poorly 

understood why changes in the conformation of misfolded proteins alter their 

physiological effects. Here we present and experimentally validate an analytical 

model describing how [PSI+] strain phenotypes arise from the dynamic interaction 

among the effects of prion dilution, competition for a limited pool of soluble protein, 

and conformation-dependent differences in prion growth and division rates. 

Analysis of three distinct prion conformations of yeast Sup35 (the [PSI+] protein 

determinant) and their in vivo phenotypes reveals that the Sup35 amyloid causing 

the strongest phenotype surprisingly shows the slowest growth. This slow growth, 

however, is more than compensated for by an increased brittleness that promotes 

prion division. The propensity of aggregates to undergo breakage, thereby 

generating new seeds, probably represents a key determinant of their physiological 

impact for both infectious (prion) and non-infectious amyloids. 
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 The [PSI+] phenotype results from self-propagating beta-sheet-rich aggregates 

(amyloid) of the yeast Sup35 translation termination factor (Shorter and Lindquist, 2005; 

Tuite and Koloteva-Levin, 2004; Wickner, 1994). Inactivation of Sup35 causes a 

nonsense suppression phenotype in [PSI+] yeast that can be readily monitored using an 

ade1 nonsense reporter gene. [psi-] colonies require adenine and accumulate a red 

pigment, whereas [PSI+] exhibits a range of heritable strain variants that vary from dark 

pink to white depending on the degree of Sup35 inactivation (Derkatch et al., 1996; 

Kochneva-Pervukhova et al., 2001). Recently, it has been possible to create synthetic 

prion forms of Sup35 in vitro that have adopted distinct infectious (prion) conformations, 

which when introduced into yeast lead to different prion strain phenotypes (King and 

Diaz-Avalos, 2004; Tanaka et al., 2004). This ability to create distinct amyloid 

conformations of Sup35 in vitro, and to monitor their in vivo consequences makes [PSI+] 

a uniquely powerful system for investigating what has become a central problem in the 

field: how do differences in the physical properties of conformationally different 

misfolded forms modulate their physiological effects? 

 

 To pursue this question, we first developed an analytical model that allows us to 

predict how changes in the physical properties of the Sup35 prion alter observable in vivo 

features of [PSI+] such as the fraction of aggregated protein (that is, colour phenotype) 

and the size and number of the Sup35 aggregates. This effort relies on a number of 

elegant studies that revealed that prion propagation involves two mechanistically distinct 

and potentially strain-dependent steps (Bradley et al., 2002; Castilla et al., 2005; Cox et 
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al., 2003; Krishnan and Lindquist, 2005; Kryndushkin et al., 2003; Kushnirov and Ter-

Avanesyan, 1998; Shorter and Lindquist, 2005; Tuite and Koloteva-Levin, 2004): a 

growth phase in which unconverted protein adds onto existing prion particles, and a 

division phase that generates new prion particles. [PSI+]  growth results from the self-

propagating nature of amyloid fibres, whereas division is mediated by the host chaperone 

machinery, principally by the Hsp104 chaperone (Cox et al., 2003; Shorter and Lindquist, 

2005). The rate of Sup35 fibre growth is linearly proportional to both the concentrations 

of soluble Sup35 and prion fibres in vitro. Moreover, fibre growth can occur after 

translation and independently of Hsp104 in vivo (Collins et al., 2004; Satpute-Krishnan 

and Serio, 2005; Shorter and Lindquist, 2005), and both in vitro (DePace and Weissman, 

2002) and in vivo (Ness et al., 2002) (see also Supplementary Data for details), minimal 

fibre depolymerization occurs on the timescale of cell division. We therefore modelled 

fibre growth as a second order irreversible process with a rate constant (β) that varies 

depending on the specific prion strain. The rate of prion replication is proportional to the 

mass of polymerized Sup35 and this rate of division (γ) may depend on the prion strain 

conformation (Kryndushkin et al., 2003; Shorter and Lindquist, 2005). With these 

considerations in mind, and also accounting for the synthesis of new Sup35 and the 

dilution of all components through cellular growth, we obtained a set of differential 

equations that describe the time evolution of the concentration of soluble Sup35 ([x]), 

aggregated Sup35 ([z]) and prion particles ([y]) in terms of rate constants for translation 

(α), fibre growth (β), fibre division (γ) and cellular growth (R) (Fig. 2.1a). One feature 

not specifically included in this model is lateral association of fibres, as this is expected 

to have a minimal effect on the underlying processes of fibre growth and division, 
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although lateral association will decrease mitotic stability by reducing the number of 

independently heritable elements ('propagons') (see Supplementary Data for a more 

complete discussion). 

 

 An important aspect of this analysis, which extends upon previous efforts to 

model prion dynamics (Hall and Edskes, 2004; Masel et al., 1999; Weissmann, 2004), is 

that it accounts for the existence of distinct stable prion strains even under equilibrium 

conditions. Specifically, these equations yield two steady-state solutions, one 

corresponding to a [psi-] state and another to a [PSI+] state (Fig. 2.1a). The nature of the 

[PSI+] solution varies with both β and γ, allowing us to predict how the colour phenotype 

and number of prion fibres depend on the underlying fibre properties (Fig. 2.1b). The 

[PSI+] solution is non-negative (and hence physically relevant) only for sufficiently great 

fibre growth and division rates (β γ > R3/α), but in these cases it is mathematically stable: 

perturbations altering the concentration of fibres or soluble Sup35 levels are corrected by 

restoring forces that bring these concentrations back to their steady-state levels. The 

existence of a continuum of stable steady-state solutions parameterized by the 

conformation-dependent properties β and γ accounts for how it is possible, even in 

dividing cells, to have a broad range of prion strains with differing levels of soluble prion 

protein and characteristic numbers of fibres (Derkatch et al., 1996; Kochneva-

Pervukhova et al., 2001; Weissmann, 2004) (Fig. 2.1b). Interestingly, the [psi-] solution is 

not stable and thus is able to persist only because of the extremely high kinetic barrier to 

de novo prion formation. The kinetic instability of the [psi-] state helps explain the high 

efficiency of transmission of [PSI+] because, as we confirm by examining the 
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Figure 2.1  An analytical model describing prion strains
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concentration dependence of the efficiency of prion infectivity (Fig. 2.5), introduction of 

a single prion particle can convert [psi-] yeast into [PSI+]. Finally, extension of our 

analysis to explore the phenomenon of strain competition, which occurs when two 

different conformations are introduced into a cell, indicates that, as previously noted 

(Bradley et al., 2002), the prion strain with the lowest levels of soluble protein (highest 

βγ value) is dominant. 

 

 We next used our ability to create in vitro three distinct infectious conformations 

of the prion-forming domain (Sup-NM; residues 1–254) of Sup35 to investigate 

experimentally how changes in the physical properties of an aggregate dictate its 

resulting in vivo strain phenotypes. These three amyloid forms, termed Sc4, Sc37 and 

SCS, are generated by spontaneously polymerizing Sup-NM at 4 °C or 37 °C, or by 

seeding polymerization of Saccharomyces cerevisiae Sup-NM with seeds derived from 

the highly divergent Candida albicans Sup35 homologue, respectively (Tanaka et al., 

2005). Previous studies demonstrated that Sc4, Sc37 and SCS amyloids have well-

defined localized conformational differences that can be robustly propagated in vivo 

(Krishnan and Lindquist, 2005; Tanaka et al., 2004; Tanaka et al., 2005). Moreover, 

infection of [psi-] yeast with the Sc4, Sc37 and SCS Sup-NM amyloids leads to readily 

distinguishable prion strains termed [PSI+(Sc4)], [PSI+(Sc37)] and [PSI+(SCS)] that 

qualitatively show strong (white), intermediate (pink) and weak (dark pink) colour 

phenotypes, respectively (Fig. 2.6). 
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 We measured the intrinsic fibre growth rate (β) for these distinct strain 

conformations of Sup-NM amyloid using an atomic force microscopy (AFM)-based 

single-fibre growth assay (DePace and Weissman, 2002) (Fig. 2.2a–c). At physiological 

temperatures (room temperature and above), the Sc4 fibres showed the slowest growth 

(109 nm) compared with Sc37 (511 nm) and SCS (261 nm) fibres. Intriguingly, the 

relative growth rate of Sc4 fibres increases significantly at low temperature (4 °C) (Fig. 

2.2a). Comparison of histograms of fibre growth measurements at the different 

temperatures reveals that the three conformations have minimally overlapping 

distributions, arguing strongly that Sc4, Sc37 and SCS fibres represent distinct and 

conformationally pure forms. We confirmed the slow fibre growth rate of Sc4 amyloid by 

a bulk seeding assay in the presence of 25% Ficoll, which mimics the macromolecular 

crowding effects found in cells (Fig. 2.2d). Thus, we conclude that the Sc4 fibre form 

shows the slowest intrinsic growth rate (~30% relative to Sc37 in crowding conditions) 

despite the fact that it leads to the strongest strain phenotype. 

 

 Examination of the physical strength of the different prion conformations suggests 

a solution to this paradox: the slower growth of Sc4 amyloid is accompanied by a marked 

increase in the propensity of these fibres to be fragmented. We measured the frangibility 

of the different Sup-NM amyloid conformations in vitro by forming long (> 1 microm) 

Sup-NM amyloids in the absence of shear forces and then subjecting them to 

fragmentation by stirring the solution with a magnetic stir bar. AFM analysis revealed 

that this treatment shattered Sc4 amyloids into many tiny fibres (< 100 nm) but had a 

relatively modest effect on Sc37 and SCS fibres (Fig. 2.3a and Fig. 2.7). Concurrent with 
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Figure 2.2  Effects of strain conformation on fibre growth rate
a–c, Growth distribution for (a) Sc4, (b) Sc37 and (c) SCS amyloids at 4 °C (black) and 23 °C (grey) 
(distribution at 37 °C was similar to that at 23 °C, data not shown). Fibre growth rates were determined 
by an AFM-based single fibre assay. The values indicate mean total fibre length grown over 10 min 
at 2.5 M soluble Sup-NM. d, Bulk measurements of the relative growth rate of Sc4, Sc37 and SCS 
Sup-NM amyloids. Polymerization of Sup-NM with indicated fibre seeds was performed at 4°C or 23°C 
in the absence or presence of 25% (wt/wt) Ficoll and the rate of addition of Sup-NM monomers was 
monitored by thioflavin T fluorescence. The fibre growth rates of each Sup-NM amyloid conformation 
were normalized with the AFM-based mean length of the corresponding fibres at 4 °C. Values are 
expressed as mean s.d
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the appearance of new fibre ends, we observed a marked increase in seeding efficacy and 

prion infectivity for the Sc4 fibres but not the Sc37 or SCS fibres (Fig. 2.3b, c). The 

increase in fragility of the Sc4 fibres is consistent with their increased sensitivity to 

denaturants and proteases relative to Sc37 and SCS fibres (Krishnan and Lindquist, 2005; 

Tanaka et al., 2004; Tanaka et al., 2005) and probably results from strain-specific 

structural differences in inter molecular contacts and a shorter, less stable amyloid core 

(Krishnan and Lindquist, 2005; Tanaka et al., 2005). 

 

 We next examined whether Sc4 also shows an increased rate of division under 

physiological conditions in intact cells, using an elegant approach developed previously 

(Cox et al., 2003; Ness et al., 2002). Specifically, the rate at which the equilibrium prion 

state is restored after transient growth in guanidine hydrochloride (Gdn-HCl)-containing 

media, which reversibly inhibits Hsp104 (and thus prion division) (Ferreira et al., 2001; 

Jung and Masison, 2001), reports on the product of the intrinsic propensity of fibres to be 

divided per unit length (γ) and the growth rate (β) (see Fig. 2.8). The [PSI+(Sc4)] strain 

regenerated the equilibrium prion state after removal of Gdn-HCl substantially more 

rapidly than [PSI+(Sc37)], which itself was faster than the [PSI+(SCS)] strain (Fig. 2.3d). 

Thus, the slow growth rate (low beta) relative to Sc37 fibre amyloid is more than 

overcome by the faster in vivo prion division rate for the Sc4 but not the SCS strain. 

 

 We used a range of assays to define the in vivo phenotypes of the [PSI+(Sc4)], 

[PSI+(Sc37)] and [PSI+(SCS)] strains. Subjecting extracts to high-speed centrifugation 

revealed that, as would be expected from its weak colour phenotype, the [PSI+(SCS)] 
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Figure 2.3  Effects of strain conformation on fiber fragmentation
a, Typical AFM images of Sc4 (left), Sc37 (middle) and SCS (right) Sup-NM amyloids before (top) and 
after (bottom) stirring for 60 min. Prior to stirring, for all three conformations, most fibres are long 
(> 1 m). After stirring, more than 98% of Sc4 amyloids are <100 nm whereas more than 60% of both 
Sc37 and SCS amyloids are >100 nm (see Supplementary Fig. S3). A magnified view (black box) of 
small fibre fragments (dotted box) is also shown for Sc4 fibres. b, Relative seeding efficacy of Sc4, 
Sc37 and SCS Sup-NM fibres before and after stirring for 30 or 60 min. c, Relative prion infection 
efficiency of Sc4, Sc37 and SCS Sup-NM fibres (1 M Sup-NM monomer) before and after rotation for 
30 or 60 min. d, Effects of strain conformation on prion growth and division in vivo. Rate of generation 
of equilibrium prion state after Gdn-HCl treatment as a function of recovery time for [PSI+(Sc4)], 
[PSI+(Sc37)] and [PSI+(SCS)] strains. The doubling times of the prions are 37 +/- 2, 79 +/- 10 and 116  
+/- 1 min for [PSI+(Sc4)], [PSI+(Sc37)] and [PSI+(SCS)] strains, respectively, which correspond to 
relative values of 3, 1 and 0.67 (see Fig. 2.8 for details). Values are expressed as mean s.d.
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strain contains a substantial pool of soluble Sup35, compared to a modest one for 

[PSI+(Sc37)] and a barely detectable one for [PSI+(Sc4)] (Fig. 2.4a). In contrast, 

examination of prion number and size by several independent assays indicated that, as 

expected by its relative fragility, [PSI+(Sc4)] is distinguished from the other two strains 

by having a large number of relatively small prion elements. A 'propagon counting' assay 

(Cox et al., 2003) (see also Supplementary Data for details) indicated that the apparent 

number of propagons per cell in the [PSI+(Sc4)] strain was much larger (129 +/- 21) than 

that found in either [PSI+(Sc37)] (20 +/- 9) or [PSI+(SCS)] (26 +/- 5) (Fig. 2.4b). 

Furthermore, both agarose gel analysis in the presence of SDS (Fig. 2.4c), which is 

thought to report on the length of individual prion fibres15, and sedimentation of prion 

particles in non-denaturing conditions (Fig. 2.9), established that the prion particles in the 

[PSI+(Sc4)] strain are smaller than those found in either [PSI+(Sc37)] or [PSI+(SCS)] 

strains. 

 

 As illustrated in Fig. 2.4d, the above strain phenotypes are in excellent agreement 

with those predicted by our analysis based on their observed prion growth and division 

properties. In particular, the slow growth of SCS amyloids (~30–50% relative to Sc37), 

which is not accompanied by an increase in division rate, accounts for the observed 

increase in the level of soluble Sup35 and the correspondingly weaker colour phenotype. 

In contrast, although Sc4 also grows more slowly than Sc37, this is over-ridden by a 

much higher division rate (β γ is estimated to increase ~3-fold, see Supplementary Data 

for details), leading to a decrease in the amount of soluble Sup35 (that is, white colour 
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Figure 2.4  Analysis of distinct [PSI+] strain phenotypes
a, Sedimentation analysis of strains by ultracentrifugation. Total (T), supernatant (S) and pellet (P) 
fractions of yeast extracts of the indicated strains were analysed by SDS–PAGE followed by western 
blotting using a polyclonal anti-Sup-NM antibody. Shown in parenthesis are the mean band intensities 
of supernatant fractions, relative to that of total fractions (100). Typical colour phenotypes of 
[PSI+(Sc4)], [PSI+(Sc37)], [PSI+(SCS)] and [psi-] strains are shown in the top panels. b, Frequency of 
propagon numbers per cell for [PSI+(Sc4)] (black), [PSI+(Sc37)] (grey) and [PSI+(SCS)] (yellow) 
strains. (See also Supplementary Information.) c, Agarose gel analysis of prion particle size in lysates 
of [PSI+(Sc4)], [PSI+(Sc37)], [PSI+(SCS)] and [psi-] strains. Migration positions of prion particles and 
monomeric Sup35 are indicated. d, Strain phenotypes predicted by our model (Fig. 1b) based on the 
observed growth and division properties of the various [PSI+] strains. SCS and Sc4 both show decreased 
growth rates (30–50%) compared with Sc37. In the case of SCS, this is not accompanied by an increase 
in division rate and thus leads to the observed increase in soluble Sup35. In contrast, for Sc4 the large 
increase in the division rate offsets the slow growth ( increases 300% relative to Sc37), leading to a 
decreased pool of Sup35 and an even more dramatic increase in propagon number (decrease in size). As 
in Fig. 1b, the calculated amount of soluble Sup35 is shown with a red–white scale
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phenotype) and an even more dramatic increase in the number (and thus decrease in size) 

of fibres. 

 

 Our work establishes the critical role of the frangibility of a prion aggregate in 

dictating the strength of its strain phenotype. Less is known for other systems about the 

mechanism of amyloid growth and division. Nonetheless, similar dynamic effects, with 

dilution mediated by proteolysis and clearance rather than cell division in post-mitotic 

cells, probably apply for other aggregation phenomena including both infectious (prion) 

and non-infectious amyloids(Hall and Edskes, 2004; Masel et al., 1999; Weissmann, 

2004). Indeed, recent studies indicate that smaller aggregates of the mammalian prion 

protein PrP, which should be more readily generated by strains that form fragile particles, 

are markedly more infectious than larger aggregates (Silveira et al., 2005). Additionally, 

for synthetic mammalian prions, the incubation time increases as the physical stability of 

the prion increases (G. Legname, H. O. Nguyen, D. Peretz, F. E. Cohen, S. J. DeArmond 

and S. B. Prusiner, personal communication). Finally, it has been observed that stronger 

[PSI+] strains typically have shorter fibres in vivo than weaker strains (Kryndushkin et 

al., 2003), although the physical properties of the prions (for example, their propensity to 

be fragmented) were not examined. Taken together, these considerations argue that 

variability in the brittleness of aggregates represents a major mechanism by which prion 

conformations dictate the strength of strain phenotypes. Thus, a strong impediment to the 

production of highly infectious synthetic mammalian prions may be the propensity to 

generate highly stable amyloid forms in vitro (Castilla et al., 2005; Legname et al., 2004). 

Conversely, therapeutic efforts to minimize the impact of protein aggregation could be 
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tailored not only to slow aggregate formation and growth but also to decrease the rate of 

fragmentation either by increasing fibre stability or inhibiting chaperone machinery. 

More broadly, this analysis allows for a unified analytical treatment of both non-

infectious and infectious (prion) amyloids with prion states arising only when the rate of 

amyloid growth, division and spread is sufficient to allow sustained propagation. 

 

Methods 

Yeast strains and fibre preparation 

We used isogenic [psi-][RNQ+] and [PSI+] derivatives of the 74D-694 yeast strain 

(Santoso et al., 2000). [PSI+(Sc4)], [PSI+(Sc37)] and [PSI+(SCS)] strains were made by 

infection of [psi-] yeast with in-vitro-produced Sup-NM Sc4, Sc37 and SCS amyloids 

(Tanaka et al., 2005). Sc4, Sc37 and SCS (previously termed as Sc[Ca3[Sc4]]) fibres 

were produced as described previously (Tanaka et al., 2005), using bacterially produced 

pure Sup-NM proteins carboxy-terminally tagged with 7x histidine (Tanaka et al., 2004). 

 

In vitro analysis of strain conformations of Sup-NM amyloids 

The AFM-based single-fibre assay was performed as reported previously (DePace and 

Weissman, 2002) with some modification. Each histogram involved the measurement of 

at least 150 individual fibres. The fibre growth rate of distinct Sup-NM amyloid fibres 

was also examined by thioflavin T fluorescence (Tanaka et al., 2005), in the absence or 

presence of Ficoll PM70 to the final concentration of 25% (wt/v). For fibre rigidity assay, 

Sup-NM amyloids were formed by polymerizing Sup-NM (5 µM) in a beaker (2.2 cm 

diameter), containing 2 ml of 5 mM potassium phosphate buffer containing 150 mM 
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NaCl (pH 7.4), overnight under undisturbed conditions in the presence of 5% (mol/mol) 

seed of Sc4, Sc37 and SCS amyloids at 4, 37 and 23 °C, respectively. The amyloid 

solution was stirred by a magnetic stir bar (3 mm diameter, 1 cm length) at ~100 r.p.m. 

and an aliquot was taken at 0, 30 and 60 min and used for morphological, seeding 

efficacy (Tanaka et al., 2005) and prion infectivity (Tanaka et al., 2004) analyses. The 

detailed methods are described in Supplementary Data. 

 

In vivo analysis of prion strains 

The curing assay of [PSI+] with Gdn-HCl was followed by a previously developed 

procedure (Cox et al., 2003; Ness et al., 2002). The propagon counting experiment was 

performed as described previously18. For agarose gel analysis, yeast cell lysates were 

prepared with glass beads, and prion particles in the lysates were separated by horizontal 

1.6% agarose gels in TAE buffer containing 0.1% SDS (Kryndushkin et al., 2003), 

followed by immunoblotting with a polyclonal anti-Sup-NM antibody (Santoso et al., 

2000). Sedimentation analysis was performed as reported previously (Tanaka et al., 2004) 

with some modification. The detailed methods are described in Supplementary Data. 
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Supplementary Methods 

(1) Yeast strains and reagents 

Throughout in vivo experiments, we used isogenic [psi-][RNQ+] and [PSI+] derivatives of 

74D-694 [MATa, his3, leu2, trp1, ura3; suppressible marker ade1-14(UGA)] (Santoso et 

al., 2000). [PSI+(Sc4], [PSI+(Sc37] and [PSI+(SCS)] strains were made by infection of 

[psi-] with in vitro produced Sup-NM Sc4, Sc37 and SCS amyloid fibres (Tanaka et al., 

2005).  Sc4, Sc37 and SCS (previously termed as Sc[Ca3[Sc4]]) fibres were produced as 

described previously (Tanaka et al., 2005).  Sup-NM proteins carboxy-terminally tagged 
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with 7x-histidine were expressed in E. Coli. (DE3) and purified as reported previously 

(Tanaka et al., 2004).   

(2) In vitro analysis of strain conformations of Sup-NM amyloids 

Sup-NM amyloid fibres were prepared by dilution of the denatured proteins into buffer A 

(5mM potassium phosphate buffer, 150mM NaCl, pH7.4) in the absence or presence of 

5% (mol/mol) seed. Sup-NM SCS amyloid fibres were formed at 23°C with 5% 

(mol/mol) seed of SCS amyloids. The AFM-based single fibre assay was performed as 

reported previously (DePace and Weissman, 2002), with the exception that Sup-NM fibre 

seeds produced by spontaneous polymerization were directly used without passage 

through multiple rounds of polymerization and reseeding. Each histogram involved the 

measurement of at least 150 individual fibres.  The fibre growth rate of distinct Sup-NM 

amyloid fibres was also examined by thioflavin T fluorescence, as reported previously 

(Tanaka et al., 2005), in the absence or presence of Ficoll PM70 (Amersham Biosciences) 

to the final concentration of 25% (wt/v). For fibre rigidity assay, Sup-NM amyloid fibres 

were formed by polymerizing Sup-NM (5µM) in a beaker (2.2cm diameter), containing 

2ml of buffer A, overnight under undisturbed conditions in the presence of 5% (mol/mol) 

seed of Sc4, Sc37 and SCS amyloids at 4, 37 and 23 °C, respectively. The amyloid 

solution was stirred by a magnetic stir bar (3mm diameter, 1cm length) at ~100 rpm and 

an aliquot was taken at 0, 30, 60 min and used for morphological, seeding efficacy and 

prion infectivity analyses.  Images of the Sup-NM fibres before and after the stirring were 

acquired by AFM (Digital Instruments, MultiMode AFM, Nanoscope software). Seeding 
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efficacy of the Sup-NM amyloids before and after the stirring was examined by thioflavin 

T fluorescence, as reported previously (Tanaka et al., 2005).   

(3) In vivo analysis of prion strains  

Protein infection experiments were performed as reported previously (Tanaka et al., 

2004). The curing assay of [PSI+] with guanidine hydrochloride (Gdn) was performed 

following the procedure by Cox, Tuite and coworkers (Cox et al., 2003; Ness et al., 

2002). Logarithmic cultures of [PSI+(Sc4)], [PSI+(Sc37)] and [PSI+(SCS)] strains were 

grown in YPAD+3mM Gdn for 12-15 hours, transferred to YPAD media and cultured for 

0, 0.75, 1.5, 2.5 and 3.5 hours. The cultures were then returned to YPAD+3mM Gdn 

media and samples were taken at 2~4-hour intervals over ~30-40 hours. Percentage of 

[PSI+] cells were determined by plating ~200 cells on 1/4 YEPD plates. The yeast 

generations were calculated using a hemocytometer and colony counts on 1/4 YEPD 

plates at each sample time. The percentages of [PSI+] cells are normalized with that at the 

time when they were put into or returned to YPAD+3mM Gdn media and to 100% [PSI+] 

cells at this time of rescue; the fraction of [psi-] colonies that were in the culture at the 

time of rescue was subtracted from the percentage of [psi-] colonies at each time point. 

Average numbers of prions per cell were determined by fitting the plot of percentage of 

[PSI+] cells against cell generation with the equation, y=100*(1-exp(-A*(2^(-x)))), where 

x, y, and A indicates cell generation, percentage of [PSI+] cells and an average number of 

prions, using IgorPro5.0 (WaveMetrics Inc.). The procedure of counting propagons was 

performed as described previously5. An aliquot of YEPD cultures of [PSI+(Sc4)], 

[PSI+(Sc37)] and [PSI+(SCS)] strains was placed on YEPD+3mM Gdn plates and single 
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cells were transferred to different locations on the plate with a dissection microscope. 

Following ~30 hr of growth, a piece of agar containing whole individual colonies was 

resuspended with water and plated on SD-Ade or SD trace Ade (0.4 mg/L) plates. 

1/4YEPD and YEPD+3mM Gdn plates were further used to distinguish [PSI+] colonies 

from Ade+ revertants. The number of [PSI+] colonies was counted for more than 40 single 

cells for each [PSI+] strain. The “jackpot” cells containing >200 propagons were 

excluded in calculation of the mean value. For agarose gel analysis, yeast cells were lysed 

in buffer (25mM Tris (pH7.5), 50mM KCl, 10mM MgCl2, 1mM EDTA, 5% glycerol, 

1mM PMSF, protease inhibitor cocktail (Roche)) with glass beads and the crude lysate 

was partially clarified by centrifugation at 10,000g for 5 minutes. The lysates (200µg) 

were treated with SDS sample buffer (50mM Tris (pH6.8), 5% glycerol, 2% SDS, 0.05% 

bromphenol blue) at 37°C for 10 minutes. The size of prion particles was analyzed by 

horizontal 1.6% agarose gels in TAE buffer containing 0.1% SDS (Kryndushkin et al., 

2003), followed by immunoblotting with a polyclonal anti Sup-NM antibody (Santoso et 

al., 2000). Chicken pectoralis extracts including titin (3000 kDa), nebulin (750 kDa) and 

myosin heavy chain (200 kDa) as well as BenchMark Pre-Stained Protein Ladder 

(Invitrogen) were used to estimate molecular weight. Sedimentation analysis was 

performed as described previously (Tanaka et al., 2004), except for the speed and time of 

ultracentrifugation being 30,000 rpm and 10 minutes, respectively.   
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Fig 2.5  Introduction of a single prion fibre is sufficient to allow induction of a 
stable [PSI+] state. 
Shown is the efficiency of prion infectivity as a function of the concentration of Sup-NM amyloids 
(concentrations are given in terms of Sup-NM monomers) (Tanaka et al., 2004). Assuming that the 
number of introduced fibres is described by a Poisson distribution, the data are fitted to a model in 
which introduction of at least one (black), two (red), three (green) or four (blue) fibres is required to 
induce [PSI+]. 
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Figure 2.6  Ade1-14 read-through phenotype of typical [PSI+] strains 
Ade1-14 read-through phenotype of typical [PSI+] strains produced by infection of [psi-]
with in vitro produced Sc4, Sc37 and SCS Sup-NM amyloid fibres as well as a [psi-] control. 
The strains are grown on YEPD (top) and SD trace ADE (0.4 mg/L) (bottom) plates before
and after passage on medium containing 3mM Gdn.  Prion infectivities of the Sc4, Sc37 

and SCS Sup-NM amyloid fibres (2.5mM) are 81±6, 38±6, and 24±7%, respectively.  
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Figure 2.7  Frequency of Sup-NM fibre length after physical shearing of fibres for 
60 minutes.  
The histogram was made by measuring length of individual fibres from two thypical AFM images of Sc4 
(black), Sc37 (gray) and SCS (yellow) Sup-NM fibres after stirring ofa magnetic bar for 60 minutes.
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Figure 2.8  Effects of strains conformation on prion growth and division in vivo.  
(a) Schematic of experiment.  Strains are cultured in YPAD+Gdn media until the prion state is nearly 
cured. Cultures are then transferred to normal YPAD media without Gdn, which restore prion division 
thereby allowing rescue of the prion state.  After varying times, cultures are returned to YPAD+Gdn 
media and the extent to which the equilibrium prion state had been restored is determined by following 
the kinetics of prion curing. The rate at which the prion state is rescued during the YPAD growth step 
reports on the product of the growth and division rates (bg) (see  also Supporting online text). (b,c,d) 
Kinetics of curing of (b) [PSI+(Sc4)], (c) [PSI+(Sc37)] and (d) [PSI+(SCS)] strains during the final 
YPAD+Gdn growth step.  The culture times in YPAD (i.e., rescue time) before returning to YPAD+Gdn 
media are 0.75 (square), 1.5 (triangle), 2.5 (inverted triangle) and 3.5 (diamond) hours. Also shown 
(circle) is the curing curve for yeast that did not receive the first Gdn treatment. 
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Figure 2.9  Separation of in vivo prion particles of distinct strains by sucrose 
gradient.  
Prion particles in the lysates of [PSI+(Sc4)], [PSI+(Sc37)] and [psi-] strains were separated by 15-60% 
sucrose cushion, followed by immunoblotting with a polyclonal anti Sup-NM antibody 
(Santoso et al., Cell, 100, 277-288, 2000).  The lanes from left to right in the blot represent upper (15%) 
to bottom (60%) fractions of the sucrose gradient.  The pellet fraction is shown on the far right lane in the 
blot.  For the sucrose gradient experiment, yeast cells were lysed in buffer B (25mM Tris (pH7.5), 
100mM NaCl, 10mM MgCl2, 1mM DTT, 5% glycerol, 1mM EDTA, 1mM PMSF, protease inhibitor 
cocktail (Roche)) with glass beads. The crude lysate was partially clarified by centrifugation at 10,000g 
for 5 minutes. The supernatant (360mg) was layered upon 2mL of sequential 15%-40%-60% (wt/v) 
sucrose cushion in buffer B and ultracentrifuged at 33,000 rpm for 15 minutes (Beckman SW60 rotor).  
Fractions of 200mL were successively drawn from the top of the sucrose cushion.  The pellet was 
resuspended with 200mL of 60% sucrose in buffer B.  10mL of each fraction was resolved by 4-12% 
SDS-PAGE, followed by immunoblotting with a polyclonal anti-Sup-NM antibody (Santoso et al., 2000).
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Abstract 

Among the many surprises to arise from studies of prion biology, perhaps the most 

unexpected is the strain phenomenon whereby a single protein can misfold into 

structurally distinct, infectious states that cause distinguishable phenotypes (Cohen 

and Prusiner, 1998; Derkatch et al., 1996; Tuite and Cox, 2006). Similarly, proteins 

can adopt a spectrum of conformations in non-infectious diseases of protein folding; 

some are toxic and others are well tolerated (Chiti and Dobson, 2006). However, our 

understanding of the structural differences underlying prion strains and how these 

differences alter their physiological impact remains limited. Here we use a 

combination of solution NMR, amide hydrogen/deuterium (H/D) exchange and 

mutagenesis to study the structural differences between two strain conformations, 

termed Sc4 and Sc37 (ref. 5), of the yeast Sup35 prion. We find that these two 

strains have an overlapping amyloid core spanning most of the Gln/Asn-rich first 40 

amino acids that is highly protected from H/D exchange and very sensitive to 

mutation. These features indicate that the cores are composed of tightly packed β-

sheets possibly resembling 'steric zipper' structures revealed by X-ray 

crystallography of Sup35-derived peptides (Nelson et al., 2005; Sawaya et al., 2007). 

The stable structure is greatly expanded in the Sc37 conformation to encompass the 

first 70 amino acids, revealing why this strain shows increased fibre stability and 

decreased ability to undergo chaperone-mediated replication (Tanaka et al., 2006). 

Our findings establish that prion strains involve large-scale conformational 

differences and provide a structural basis for understanding a broad range of 
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functional studies, including how conformational changes alter the physiological 

impact of prion strains. 

 

 Sup35, the protein determinant of the yeast prion [PSI+], is uniquely well suited to 

the analysis of the structural basis of prion strains (Tuite and Cox, 2006). Pure Sup35 

spontaneously forms self-seeding, β-sheet-rich amyloid fibres in vitro (Glover et al., 

1997). Introduction of these fibres into yeast causes stable conversion to the [PSI+] state, 

thus establishing their infectious (prion) nature(Glover et al., 1997; King and Diaz-

Avalos, 2004; Sparrer et al., 2000; Tanaka et al., 2004). Sup35 can adopt a variety of 

fibre conformations in vitro, which lead to clearly distinguishable prion strain variants 

when introduced into [psi-] cells. For example, SupNM, a region of Sup35 encoding its 

prion function and composed of a Gln/Asn-rich N-terminal domain (N, amino-acid 

residues 1–123) and a highly charged middle domain (M, residues 124–253), can adopt 

distinct fibre conformations when polymerization is initiated at 4 °C and at 37 °C. 

Introduction of these conformations, termed Sc4 and Sc37, into yeast induces 'strong' and 

'weak' in vivo prion strain phenotypes, respectively (Tanaka et al., 2004). Thus, the 

heritable differences in these strain variants are 'encoded' by the conformational 

differences between Sc4 and Sc37. 

 

 Although a battery of biophysical techniques have been employed to investigate 

Sup35 prion structures, no consensus view has emerged. One set of approaches 

introduced cysteine residues and inferred structure either by measuring side-chain 

reactivity or by incorporating biophysical probes such as paramagnetic spin labels or 
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pyrene fluorophores (Krishnan and Lindquist, 2005; Tanaka et al., 2004). One such study 

suggested that there is stable structure roughly comprising residues 31–86 and 21–121 for 

Sc4 and Sc37, respectively, with flanking sequences not being part of this amyloid core 

(Krishnan and Lindquist, 2005). Close intermolecular contacts between monomers 

seemed to be limited to short regions involving 'head-to-head' (residues 25–38) and 'tail-

to-tail' (residues 91–106) interactions. An alternative view emerged from X-ray 

crystallography of the amyloid-like structure of the GNNQQNY peptide corresponding to 

residues 7–13 of Sup35 (ref. 6), a region outside the amyloid core suggested by the above 

study. Unlike the proposed head-to-head/tail-to-tail assembly, GNNQQNY formed 

extensive intermolecular contacts through in-register parallel beta-sheets that were 

stabilized by stacking side-chain amide hydrogen bonds between analogous asparagine 

and glutamine residues. Two sheets then came together face-to-face to form a water-free 

'dry' interface in which opposing side chains interdigitated with each other, creating a 

compact 'steric zipper'. Caveats exist for both approaches: the X-ray crystallography 

analyses examined peptides outside the context of the prion domain, and the cysteine 

studies used side-chain modifications that might have perturbed the structure and stability 

of the fibres. Indeed, the extremely tight packing seen in the dry interfaces would 

probably be intolerant of side-chain alterations. More recently, solid-state NMR was used 

to probe for secondary structure in SupNM fibres in which a subset of amino acids were 

isotopically labeled (Shewmaker et al., 2006). Although it was not possible to obtain 

sequence-specific assignments, seven of eight leucine residues found in SupNM were 

suggested to form in-register beta-sheets. Because all except one leucine residue are in 

the M domain, it was proposed that much of the M domain was structured in the solid 
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state. This conclusion was surprising because the M domain is not absolutely required for 

prion function (Liu et al., 2002) and was thought to be largely disordered in fibres in 

solution (Krishnan and Lindquist, 2005; Tanaka et al., 2004). These conflicting 

perspectives emphasize the need for residue-specific structural information on full-length, 

unmodified SupNM fibres in solution. 

 

 We first examined SupNM fibre structure by solution NMR. Large complexes 

(that is, more than 100 kDa) are generally not amenable to solution NMR, as a result of 

line broadening, unless specialized spectroscopic techniques such as TROSY are 

employed (Fiaux et al., 2002). However, highly mobile regions within large complexes 

can sometimes be detected by using standard heteronuclear single-quantum coherence 

(HSQC) pulse sequences. Indeed, substantial portions of SupNM seem to be disordered 

in fibre forms, because 15N-HSQC spectra from uniformly 15N-labelled SupNM fibres 

revealed multiple robust peaks (Fig. 3.1a). To assess which regions of SupNM are 

flexible, we employed a strategy similar to that used in the solid-state NMR study and 

specifically 15N-labelled the leucine residues. In dimethylsulphoxide (DMSO), in which 

SupNM is monomeric, seven of eight potential leucine peaks were observed, 

demonstrating the specificity of the labelling (Fig. 3.4). NMR spectra of 15N-Leu-SupNM 

fibres contained at least four robust peaks with a smaller additional peak (Fig. 3.1b). 

Because all except one of the leucines are in the M domain (Fig. 3.1c), these data indicate 

that, in solution, large regions of the M domain remain highly mobile even in the fibre 

form, a view substantiated by the experiments below. 
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c, Diagram showing the distribution of leucine residues in the SupNM sequence.

Figure 3.1  Solution NMR of SupNM fibers
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 To obtain residue-specific information on the Sc4 and Sc37 conformations, we 

measured quenched hydrogen/deuterium (H/D) exchange by using NMR. H/D exchange 

is a sensitive probe of structure because hydrogen bonds inhibit the exchange of amide 

protons with water. We employed a recent protocol (Hoshino et al., 2002) that has 

enabled the structural analysis of a variety of amyloid fibres (Carulla et al., 2005; 

Hoshino et al., 2002; Luhrs et al., 2005; Ritter et al., 2005; Yamaguchi et al., 2004) by 

exploiting the ability of DMSO to dissolve fibres while preserving their exchange state. 

DMSO effectively dissolved SupNM fibres, yielding a well-dispersed 15N-HSQC 

spectrum (Fig. 3.2a and Fig. 3.6a–c). However, assignment of the 15N-HSQC, a 

prerequisite for measuring exchange, remained a challenge. SupNM is large (253 

residues) compared with other amyloidogenic polypeptides studied (Carulla et al., 2005; 

Hoshino et al., 2002; Luhrs et al., 2005; Ritter et al., 2005), and the N domain has very 

low complexity; the first 40 residues (Sup1–40) are especially Gln/Asn-rich, and the 

adjacent residues 41–97 are composed of 5.5 imperfect oligopeptide repeats of the 

sequence PQGGYQQYN (Fig. 3.5). Through the use of more than 20 three-dimensional 

heteronuclear NMR experiments on 11 different uniformly and specifically labelled 

samples, we succeeded in assigning 163 of 215 visible peaks (Fig. 3.2a and Fig. 3.5) 

including assignments for 33 of the first 40 residues, several assignments in each 

oligopeptide repeat, and most of the M domain. 

 

 We monitored the extent of H/D exchange on uniformly 15N-labelled Sc4 and 

Sc37 fibres at neutral pH at five time points ranging from 1 min to 1 week. Additionally, 

we performed H/D exchange for 1 day on Sc4 and Sc37 fibres specifically labelled with 
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Figure 3.2  H/D exchange of Sc4 and Sc37 fibers
a, 15N-HSQC spectrum of uniformly 15N-labelled SupNM fibres dissolved in DMSO dissolution buffer. 
The red dashed box indicates residues shown in b. b, H/D exchange performed on the Sc4 and Sc37 
conformations. 15N-HSQC spectra for residues Gly 31 and Gly 51 (red dashed box in a) for the Sc37 
(left panels) and Sc4 (right panels) conformations after 0 min (top panels), 1 min (middle panels) and 
1 week (bottom panels) of exchange. c, d, Intensities for all assigned and unambiguous peaks as a 
fraction of the non-exchanged intensity after 1 min (c) and 1 week (d) of exchange on the Sc4 (blue) and 
Sc37 (red) conformations. Unassigned and ambiguous residues are not displayed. S4 and N5 in the Sc4 
conformation have calculated protection factors of 6,478 (R2 = 0.88) and 26,304 (R2 = 0.93) 
respectively. Residues marked with an asterisk are resolved only in Glx specifically labelled H/D 
exchange experiments performed with a single 1-day exchange time point. Daggers indicate pairs of 
residues with overlapping peaks; values therefore represent the combined intensities. The grey bar 
represents the estimated minimum peak intensity.
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15N-Glu/Gln (Glx) to obtain data on key residues that had significant overlap in the 

uniformly labelled samples. Examination of the exchange spectra revealed multiple peaks 

that strongly resisted exchange in both conformation-independent and conformation-

dependent manners (Fig. 3.2b–d). Three classes of exchange curves predominated (Fig. 

3.6d). In the first class, amides completed exchange within 1 min, which corresponded to 

protection factors (the intrinsic rate of exchange divided by the observed rate) of less than 

100. The second class showed only modest exchange even after 1 week, corresponding to 

highly stable regions with protection factors of at least 106. The third class of residues 

did not follow a single exponential: partial exchange was seen in the early time points, 

but the remaining fraction remained largely unexchanged by 1 week. Similar behaviour 

has been observed for other amyloid species (Luhrs et al., 2005; Yamaguchi et al., 2004) 

and may reflect multiple structural environments for these residues within the same fibre 

(see ref. 17). 

 

 Our data reveal overlapping core amyloid regions for Sc4 and Sc37 that 

encompass almost the entire Gln/Asn-rich Sup1–40 subdomain as well as a marked, 

strain-specific expansion of protected structure into the oligopeptide repeats in the Sc37 

fibres (Fig. 3.2c, d). Both Sc4 and Sc37 conformations showed strong protection for 

residues 4–37, including the residues containing the GNNQQNY peptide, but had local 

differential protection patterns. In particular, adjacent residues 38–70, which encompass 

the first three oligopeptide repeats, showed high levels of protection in Sc37 but 

completed exchange within the first 1 min in Sc4. Both conformations seemed largely 

unprotected for residues 76–100, but significant protection was seen for some residues in 
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the 110–128 region. Most of the remaining M domain, including the leucine residues, 

showed modest protection (residues 150–231 in Fig. 3.7), which is consistent with the 

solution NMR results. 

 

 To test these findings independently, we probed for fibre secondary structure by 

introducing proline residues throughout SupNM to interfere with beta-sheet formation. 

Analysis of the conformation-specific effects of mutations on fibre formation poses a 

challenge because Sup35 can adopt multiple amyloid conformations. Hence, mutations 

detrimental to one fibre form can drive the formation of an alternative conformation 

rather than preventing fibre polymerization altogether (Chien et al., 2003). To circumvent 

this problem, we monitored the initial rate at which mutant monomers add to the end of 

preformed wild-type Sc4 and Sc37 fibres by using assays based on thioflavinT (thioT) 

and atomic force microscopy (AFM) (Chien et al., 2003; DePace and Weissman, 2002). 

These measurements directly assess the ability of each conformation to accommodate the 

mutation (Fig. 3.3a), thereby yielding conformation-specific structural information (Fig. 

3.3b). We analysed a series of 36 individual SupNM proline mutations with locations 

chosen to overlap with and extend the H/D exchange data (Fig. 3.5). Of these mutations, 

16 lie in Sup1–40, another 16 lie in the subsequent 41–100 oligopeptide region, and the 

last four target residues 101–150. Because the oligopeptide repeats were a major source 

of missing assignments, two corresponding Gln residues near the centre of each repeat 

were individually mutated to proline. 
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Figure 3.3  Mutational analysis of SupNM fibers
a, Diagram of the rationale for analysing the initial rate of polymerization. Here, the introduction of 
mutations (indicated by the circle) in regions important for fibre structure in conformation A but not in 
conformation B result in a slow initial rate of polymerization in a conformation-specific manner. b, 
Effect of proline mutants on polymerization as monitored by increase in thioT fluorescence. Wild-type 
Sc4 (upper panel) and Sc37 (lower panel) seeds were added to monomeric wild-type SupNM 
(blue curves) and SupNM G43P (red curves) and fibre polymerization was monitored by thioT 
fluorescence. Data were normalized to initial and final intensities. c, Effect of proline mutations on 
initial rates of polymerization of the Sc4 (blue) and Sc37 (red) conformations. ThioT polymerization 
assay was performed as described above for all mutants indicated. Data were normalized to initial and 
final intensities, initial time points were fitted to a line, and the slope (initial rate) was calculated. Values 
are the percentage by which each indicated mutant's initial rate deviated from the rate of wild-type 
polymerization, calculated as 100  (1 - Kmut/Kwt). Error bars indicate s.d. for two or three independent 
replicates. The inset shows representative pictures of indicated proline mutant growth (thin region) from 
wild-type (WT) Sc4 seed (thick region) revealed by AFM. d, The effect of leucine mutations on initial 
rates was measured as described above for the indicated leucine mutants of the Sc4 (blue) and Sc37 (red) 
conformations. Error bars indicate s.d. for two or three independent replicates.
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 The proline mutant analysis showed remarkable agreement with the H/D 

exchange data. With the exception of the termini, residues within the Sup1–40 subdomain 

were highly sensitive to mutations for both Sc4 and Sc37 seeds (Fig. 3.3c). AFM directly 

confirmed that proline mutations in this region profoundly inhibited the ability of mutant 

monomers to add to the ends of wild-type fibres (Fig. 3.3c inset, and Fig. 3.8a). In 

contrast, mutations within the first three oligopeptide repeats affected growth from Sc37 

but not Sc4 seeds, whereas mutations from the fourth repeat up to the M domain had 

modest effects on growth for either conformation (Fig. 3.3c). 

 

We extended this mutational analysis to probe tertiary structural contacts, focusing on the 

NQQQ sequence (residues 21–24) in the centre of the amyloid core. To minimize 

secondary structure perturbations, residues were individually changed to leucine, which 

has a similar beta-sheet propensity to that of both asparagine and glutamine. Leucine also 

has a higher intrinsic aggregation propensity (Chiti and Dobson, 2006) and is isosteric to 

asparagine. Despite the modest nature of the change, we saw strong inhibitory effects of 

leucine mutations for both Sc4 and Sc37 fibres (Fig. 3.3d and Fig. 3.8b). This indicates a 

critical role for the Asn/Gln side chains in stabilizing the amyloid core, possibly through 

interstrand hydrogen bonds and face-to-face interactions between beta-sheets such as 

those seen in the GNNQQNY peptide structure. Interestingly, Sc4 but not Sc37 displayed 

an alternating pattern of sensitivity to leucines, possibly indicative of a beta-sheet 

structure with one face buried and the other accessible in Sc4, but with both faces buried 

in Sc37 (Fig. 3.3d). Our data, in conjunction with those from earlier analyses (Nelson et 

al., 2005; Ross et al., 2005; Sawaya et al., 2007; Shewmaker et al., 2006), suggest that the 
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Sup1–40 core may resemble the Sup35 peptide structures, with the exception that the dry 

sheet–sheet interfaces are probably formed by intramolecular interactions between beta-

sheet faces from different rather than identical Asn/Gln-rich regions. Because some 

differences in protection patterns within Sup1–40 are observed between Sc4 and Sc37, 

these two strains may have distinct sheet–sheet interfaces in which the Sc37 arrangement 

accommodates additional beta-sheets from the oligopeptide repeats. Such diverse sheet–

sheet interfaces have recently been described in peptide structures (Sawaya et al., 2007). 

 

 Our finding that the Gln/Asn-rich Sup1–40 subdomain forms an overlapping 

amyloid core that expands well into the adjacent oligopeptide repeats in a strain-

dependent manner provides a structural rationale for several diverse functional studies. 

First, mutational studies and a recent peptide-mapping analysis indicate that prion 

formation and specificity of growth are particularly sensitive to changes within Sup1–40 

(refs 24–26). Second, the SupNM prion domain has a modular architecture in which 

Sup1–40 is specifically required for amyloid formation and templated growth, and can be 

functionally replaced by amyloidogenic stretches of pure polyGln repeats (Osherovich et 

al., 2004). In addition to a role for a subset of the oligopeptide repeats in stabilizing 

amyloid structure, these repeats seem to have a distinct and essential function in allowing 

chaperone-mediated replication of such amyloids, thereby generating new prion seeds. 

This role in prion division can be replaced by a number of diverse sequences (Crist et al., 

2003; Parham et al., 2001). The less stable structure over much of the oligopeptide 

repeats in addition to their more diverse sequence composition may facilitate recognition 

of this region by chaperones (Tuite and Cox, 2006). Last, the structural differences 
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observed here shed light on how conformations alter in vivo phenotypes as well as 

leading to strain-specific sequence requirements for prion propagation. Ordering of the 

first three oligopeptide repeats in Sc37 is associated with increased stability of these 

fibres (Tanaka et al., 2004; Tanaka et al., 2006) and may also occlude chaperone 

recognition sites. Taken together, these findings account for the observation that the 

weaker strain phenotype of Sc37 prions results from a difficulty in generating new prion 

seeds despite robust fibre growth. Previous studies also found that an increased number 

of oligopeptide repeats (four versus two) was minimally required to support the 

propagation of a 'weak' strain as compared with a 'strong' strain (Shkundina et al., 2006). 

Thus, for both strains, [PSI+] propagation seems to require at least one oligopeptide 

repeat outside the highly protected core. The mammalian prion protein, PrP, contains 

peptide repeat regions reminiscent of Sup35, whose number modulates prion propensity 

even though they lie outside the protease-resistant prion core (Cohen and Prusiner, 1998). 

This raises the possibility that these otherwise unrelated prion proteins share a common 

functional architecture in which an amyloid core mediates templated growth, and less 

stably structured regions facilitate the generation of new prion seeds. 

 

Note added in proof: Mutation analysis indicated that of the 23 glycines, only the 2 

present in the M domain were visible by solution NMR of uniformly labelled fibres, 

which is consistent with the conclusion that the M domain is highly mobile. 

 

Methods Summary 

SupNM isotope labelling 
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Labelled SupNM was expressed in Escherichia coli. 

 

NMR on fibres 

SupNM fibres uniformly labelled with 15N, or specifically labelled with 15N-Leu, were 

seeded and polymerized at 4 °C as described (Tanaka et al., 2004). Fibres were spun 

down and resuspended in 1/40 volume of equivalent buffer in 10% (v/v) D2O (pH 5.5 for 

uniformly labelled). Standard 15N-HSQC spectra were recorded at 800 MHz. The final 

protein concentration is estimated as 200 µM. Only a few peaks with chemical shifts 

typical of glycine were seen in the uniformly labelled sample. The failure to detect all 23 

glycine residues in SupNM indicates that the peaks observed were from fibres rather than 

from a monomer subpopulation. 

 

H/D exchange 

H/D exchange was performed on 15N-SupNM seeded fibres largely as described 

(Hoshino et al., 2002), with time points at 0 min, 1 min, 1 h, 1 day and 1 week of 

exchange. For NMR measurements, fibre pellets were dissolved in dissolution buffer 

(95% DMSO-d6, 4.5% D2O, 0.5% dichloroacetic acid-d2 (v/v) and 200 µM 2,2-dimethyl-

2-silapentane-5-sulphonate sodium salt (DSS) at pH 5.0) and 15N-HSQC correlation 

spectra were recorded at 800 MHz and 298 K. Dichloroacetic acid-d2 was purchased from 

CDN Isotopes. Spectra were recorded in accordance with the strategy described 

(Yamaguchi et al., 2004). Additionally, a one-dimensional 1H spectrum was acquired 

after 15N-HSQC. 
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Mutagenesis studies 

All mutant plasmids were generated, overexpressed and purified as described (DePace et 

al., 1998; Tanaka et al., 2004). ThioT assays were performed as described(Chien et al., 

2003). Sc4 and Sc37 seeded reactions were performed at 4 °C and 25 °C, respectively. 

Initial rates were calculated from the first 16 min of polymerization. AFM assays were 

performed as described (DePace and Weissman, 2002). 

Full methods accompany this paper. 
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Uniformly 15N labelled SupNM was overexpressed by growing 3 l of the bacterial strain 

BL21/DE3 harbouring a plasmid encoding SupNM-His6x under control of the T7 

promoter, to a D600 value of 0.3 in Luria–Bertani medium at 37 °C as described (Santoso 

et al., 2000). Cells were spun down, washed once in 10 ml of 15N-M9 medium, and 

resuspended in 1 l of 15N-M9 medium. After 30 min at 37 °C, expression was induced by 

the addition of 400 µM isopropyl beta-d-thiogalactoside and after 4 h the cells were 

harvested. Uniformly labelled 13C,15N-SupNM was overexpressed in the same manner, 

using 1 g of 13C-glucose per litre of M9 medium. 15N-Lys-SupNM protein was 

overexpressed as described above with medium supplemented with 15N-Lys. Specifically 

labelled 15N-Glx-, Asn/Asp (Asx)-, Tyr-, Phe-, Leu- and 13C,15N-Glx,Asx/Tyr-SupNM 

proteins were overexpressed as described above by using the bacterial strain DL39 with 

M9 medium supplemented with the indicated 15N amino acid (Asp and Glu for Asx and 

Glx, respectively) as well as all other amino acids unlabelled as described (Muchmore et 

al., 1989). All 15N-labelled and 13C-labelled amino acids were purchased from Isotec. 

Protein purification was performed as described (DePace et al., 1998). 

 

H/D exchange 

15N-SupNM seeded fibres of each strain were made as described (Tanaka et al., 2004) 

and spun down at 150,000g for 1 h and resuspended in the equivalent buffer in D2O at pH 

2.5. Fibres were then passed through a 22-gauge needle to generate short fibres of 

relatively uniform size (about 100–300 nm) as assayed by AFM. To start the exchange, 

the pH was adjusted to 7.0. After the desired time, the pH was adjusted back to 2.5 and 

fibres were centrifuged at 126,000g for 25 min. The pellet was washed once with 5 mM 
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DCl in D2O and then centrifuged again at 126,000g for 20 min. The pellet was then 

frozen, freeze-dried, and stored at -80 °C until NMR acquisition. All steps, including H/D 

exchange, were performed at 4 °C. Fibre conformation purity was assayed by infecting 

samples from before and after the H/D exchange time course into [psi-] and the 

conformation was determined by 'weak' or 'strong' colour phenotype as described(Tanaka 

et al., 2004). All preparations were of greater than 95% purity as judged by this method. 

The NMR spectra were processed with nmrPipe (Delaglio et al., 1995), and peak 

integrations were performed with Sparky (Goddard and Kneller). Each 15N-HSQC 

spectrum for the time course was normalized for protein concentration by using 

integrations of the unexchangeable side-chain peaks in comparison with the internal DSS 

standard in the one-dimensional control spectra. Exchange of fibres occurred mainly at 

neutral pH, because when the pH was left at 2.5, peak intensities decreased slightly, 

which is consistent with predicted intrinsic rates at 4 °C and pH 2.5, and exchanged to a 

much fuller extent after the pH had been shifted to 7.0 (data not shown). Estimated 

minimum peak intensity was calculated by averaging the baseline for the fitted curves of 

the fastest-exchanging residues. Sequence-specific assignments of the backbone Hn and 

N resonances were achieved with triple-resonance three-dimensional HNCO, 

HN(CA)CO, CBCA(CO)NH, HNCACB, HN(CA)NH and CT-HNCA (Sattler et al., 

1999), on uniformly labelled 13C,15N-SupNM. HNCO, CT-HNCA, HN(CA)NH and 

HN(COCA)NH experiments were also performed on SupNM specifically labelled with 

13C,15N-Glx and 13C,15N-Asx/Tyr. HNCO, CT-HNCA and HN(COCA)NH experiments 

used semi-constant time 15N evolution to increase resolution (Sun et al., 2005). Three-

dimensional 15N-separated HSQC-nuclear Overhauser enhancement spectroscopy (tm = 
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400 ms) and HSQC-total correlation spectroscopy (tm = 100 ms) experiments were also 

performed on uniformly labelled 15N-SupNM and on specifically labelled 15N-Asx, Lys, 

Glx and Tyr-SupNM. All spectra were recorded on Bruker Avance800 or DRX500M 

spectrometers equipped with cryoprobes with actively shielded Z gradients at 298 K. 

Assignments were performed with the program ansig (Kraulis, 1989). 
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Figure 3.5  Sequence assignment of SupNM.  
Plotted is the SupNM sequence along with assignments.  In green are residues that are assigned and are 
non-overlapping or unambiguous.  In orange are residues that are assigned, but exhibit overlap with other 
peaks rendering them ambiguous.  In blue are peaks that are assigned and are non-overlapping in 
15N-Glx specifically labelled protein.  Underlined residues indicate the oligopeptide repeats with their 
corresponding number.  Boxed residues are those that were mutated to prolines for the mutagenesis study.
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Figure 3.6  H/D exchange spectra and curves.  
a, 15N-HSQC of uniformly 15N labelled SupNM acquired in 95% DMSO-d6, 4.5% D2O, and 0.5% 
dichloroacetic acid-d2.  b, Zoomed in view of the glycine residues, indicated by the box in panel a.  
c, Zoomed in view of a region with significant spectral overlap, location indicated in panel a.  
d, Representative H/D exchange data (symbols) for three classes of residues with their corresponding fit 
curves (lines).  In blue circles are residues that experience little or no exchange over the entire timecourse 
such as Q18.  In green squares are residues such as D66 that experience fast initial exchange, but remain 
stable at an intermediate exchanged level for the remainder of the time course.    In red triangles are 
residues such as V200 which exchange very quickly by the first time point and remain unchanged for the 
course of the experiment.  Curves are from H/D exchange data on the Sc37 conformation.  
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Figure 3.7  H/D exchange for residues 151-231.   
Fractions unexchanged are displayed for residues 151-231 after one minute (a) and one week (b) of 
exchange as described in the text.  
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Figure 3.8  AFM of mutant polymerization.  
Wildtype Sc4 seed tagged with HA was added to the indicated untagged proline (a) and leucine (b) 
mutant proteins and allowed to polymerize for 10 minutes.  Reactions were then deposited onto mica, 
and HA antibody added to distinguish the seed (wide areas of the fibres) from the fibre growth (narrow 
area of the fibres).  Samples were then imaged by AFM.  
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Introduction 

 Prions, like any other cellular aggregate, do not act alone.  Rather, they are just as 

prone to the cellular quality control machinery, namely the molecular chaperones, as any 

other protein resident in the cell.  The yeast prions have the unique property of actually 

being dependant on chaperones, where deletion of one in particular, Hsp104, results in 

loss of the prion phenotype (Alberti et al., 2009; Chernoff et al., 1995; Moriyama et al., 

2000; Sondheimer and Lindquist, 2000).  Subsequent studies showed that in addition to 

Hsp104, the chaperones Ssa1 and Sis1 also play a role upstream to Hsp104 in the 

maintenance of the [PSI+] prion (Bagriantsev et al., 2008; Jones and Tuite, 2005; Tipton 

et al., 2008).  Although the exact binding sites of these chaperones on SupNM fibers is 

not known, it has been hypothesized that they recognize the oligopeptide repeat region 

(Osherovich et al., 2004).  This was due to the observation that the oligopeptide repeats 

were necessary for the propagation of the prion, but could not aggregate on their own.  

The previously described structural studies added support to this hypothesis, in that the 

oligopeptide repeats were found to be largely unstructured and thus more accessible to 

chaperone recognition and binding.  Furthermore, a different number of oligopeptide 

repeats were found to be structured between the two studied Sc4 and Sc37 strains, 

opening the possibility of differential chaperone recognition playing a role in prion strain 

phenotypes.  These unpublished data aimed to establish an in vitro system in which to 

map out potential binding sites of the Ssa1 and Sis1 chaperones on SupNM fibers.   

 

Results and Discussion 

Ssa1 and Sis1 binding 
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 The Ssa1-6xHis chaperone was purified to homogeneity from a pichia pastori 

strain generously provided from Johannes Buchner’s laboratory through Ni2+-NTA 

agarose affinity chromatography followed by ion exchange chromatography on a 

ResourceQ column.  Sis1 chaperone was cloned into a N-terminal 6xHis construct and 

purified to homogeneity using Ni2+-NTA agarose affinity chromatography, gel filtration 

chromatography using a SD200 column, and ion exchange chromatography using a 

ResourceQ column.  Ssa1 displayed ATPase activity (data not shown) and was tested for 

its ability to bind SupNM Sc4 fibers with Sis1 in vitro using dynal beads conjugated with 

anti-SupNM antibody.  In this assay, Sc4, Ssa1, and Sis1 were incubated in the presence 

of no nucleotide, ADP, ATP, and AMPPNP at 30°C for 10 minutes.  Dynal beads were 

then added and the reaction incubated on ice for 30 minutes with occasional mixing.  

Beads were washed 3 times and eluted by adding SDS sample buffer and boiled.  The 

elution was run on and SDS-PAGE and stained.  Sis1 bound resin in a non-specific 

manner.  However, Ssa1 bound Sc4 fiber only in the presence of ATP in a Sis1 dependant 

manner (Fig. 4.1).  This demonstrated the ability to decorate SupNM fibers with the Ssa1 

chaperone.  Whether Sis1 bound SupNM fibers could not be determined from this assay.  

With this ability, a number of strategies were employed to try to identify the chaperone 

recognition elements on SupNM.   

 

Mapping chaperone binding by H/D exchange 

 The first method used was the H/D exchange assay developed in the previous 

chapter (Toyama et al., 2007).  The rationale for this was that chaperone binding may 

result in a small amount of protection from exchange of residues that the chaperone is 
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interacting with.  Thus, the H/D exchange protocol was adjusted to accommodate 

exchange with chaperones.  Briefly, 15N-SupNM fibers were incubated with molar 

equivalents of Ssa1 and Sis1 and nucleotide, and this solution was concentrated to 1/10th 

the exchange volume.  To start exchange, D2O buffer was added to dilute the 

concentrated sample 10-fold, and the assay was performed from this point on as 

previously described.  H/D exchange results did not provide any insights into chaperone 

binding sites on SupNM fibers.  Exchange was performed twice.  For the first attempt, 

the chaperone binding data did not differ from the negative controls (data not shown).  

For the second attempt, marginal protection was observed in the chaperone sample over 

the negative control, however, this difference is small and may not be significant (Fig. 

4.2).  Observation of protection due to chaperone binding might not be present for a 

number of reasons.  First, the chaperones, particularly Sis1, are prone to misfolding and 

aggregation upon large buffer changes and sudden dilution.  Thus, when the concentrated 

fiber/chaperone mixture was diluted with D2O buffer, the solution became extremely 

cloudy, suggesting a significant population of unfolded and aggregated protein.  Thus, 

any chaperone interactions may have been lost at this step.  Furthermore, based on crystal 

structures of the bacterial homologue DnaK in complex with a substrate peptide, at most 

two backbone amide protons on the peptide were engaged in a hydrogen bond to the 

chaperone (Zhu et al., 1996).  Thus, if Ssa1 binds SupNM fibers at a specific spot, you 

would only expect two residues to display protection in the presence of chaperones.  

Also, not all residues in SupNM have been assigned or are non-overlapping, chaperones 

most likely bind SupNM sub-stoichiometrically (Bagriantsev et al., 2008), and binding 

conceivably could be spread across multiple recognition sites.  All these factors make the 
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Figure 4.2  Chaperone binding mapped by H/D exchange
Intensities for all  unambiguous peaks as a fraction of the non-exchanged intensity after 30 seconds 
(upper) and 90 seconds (lower) of exchange for Sc4/BSA (blue) and Sc4/Ssa1/Sis1 (red) reactions as
described in the text. 
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prospects of identifying the chaperone binding site through protection from H/D 

exchange not likely.   

 

Mapping chaperone binding by mutagenesis 

 Another strategy used to map chaperone binding to SupNM fibers is by using 

point mutants in SupNM.  The previous study resulted in a library of over 100 point 

mutants in SupNM (Toyama et al., 2007).  Since we have an in vitro binding assay to 

monitor Ssa1 interactions with SupNM fibers, we reasoned that a mutation that lays 

within the chaperone recognition site may disrupt chaperone/fiber interactions, which 

may be observed through the binding assay.  We therefore performed the binding assay 

with a number of different SupNM mutants across regions predicted to be unstructured 

by H/D exchange.  Studies on the binding preference of DnaK found that large negatively 

charged residues such as glutamate and aspartate as well as proline were disfavored for 

binding (Rudiger et al., 1997).  Thus, we first attempted to monitor binding of Ssa1 to 

proline mutants located in the oligopeptide repeats, the predicted binding sites (Fig. 4.3a).  

Although reduced binding to various mutant SupNMs could be observed, the results 

varied from day to day, and a mutant that would be predicted to not interfere with Ssa1 

binding based on its location, S149P, also displayed reduced binding occasionally.  Due 

to the inconsistency, these data were thus taken as not significant.  The acidic residues are 

even more disfavored for binding Ssa1, thus, we tried the same binding assay with 

residues mutated to glutamate (Fig. 4.3b).  This however, yielded similar results to the 

proline mutants in that the results were not consistent.  Finally, we hypothesized that 

perhaps mutating one residue might not have a large effect since the other oligopeptide 
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repeats could compensate as binding sites.  Thus, we tried binding assays with double and 

triple mutants where multiple residues in the same position of different oligopeptide 

repeats were mutated (Fig. 4.3c).  The prediction would be that as you mutated more 

residues, you would see less binding.  This, however, was not seen as all mutants 

displayed similar levels of binding Ssa1 under these conditions.  In all, the in vitro 

binding did not appear to be a robust enough assay to accurately reflect different affinities 

of binding to SupNM mutants.  Thus, another method was sought. 

 

Mapping chaperone binding by acrylodan fluorescence 

 An alternative way to map binding is through changes in fluorescence properties.  

The fluorophore acrylodan changes its emission maxima and intensity in response to 

changes in its local environment.  This property was used as a proxy to observe DnaK 

binding to an acrylodan labeled peptide (Pierpaoli et al., 1998; Schmid et al., 1994).  

Upon DnaK binding, the authors observed a corresponding shift in maximal fluorescence 

and a dramatic increase in fluorescence intensity.  We speculated that this potentially 

could be used to map binding sites of Ssa1 on SupNM fibers.  Previous studies have 

yielded a large library of cysteine point mutations scattered throughout the SupNM 

sequence (Tanaka et al., 2004; Tanaka et al., 2005).  By labeling each of these mutants 

with acrylodan on the cysteine side-chain, binding in the vicinity of the label should 

result in an increase in fluorescence intensity.  Thus, which cysteine mutants result in the 

fluorescence increase would tell us where the chaperone is binding.  A number of 

SupNM cysteine mutants were therefore labeled with acrylodan, and their fluorescence 

emission spectra determined individually with and without Ssa1/Sis1 (Fig. 4.4).  Only 
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one mutant seemed to show significant fluorescence intensity increase.  This mutation 

happens to be very close to the SupNM mutant PNM2 (G58D), which is known to 

aggregate properly, but potentially have perturbed chaperone interactions (Osherovich et 

al., 2004).  Thus, these data seemed plausible that chaperones were binding at this 

oligopeptide repeat.   

 

Conclusions 

 An in vitro system for observing Ssa1/Sis1 chaperone binding to SupNM fibers 

was successfully established.  A number of attempts to map the chaperone binding sites 

on SupNM fiber, however was not successful due to sensitivity limitations.  Mapping by 

acrylodan fluorescence was successful, but at limited resolution.  Further refining the 

binding site will require a number of other point mutants to confirm Ssa1/Sis1 binding in 

this vicinity.   
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Introduction 

 Ever since the observation that a different conformation of prion fiber (Sc4) 

would form if spontaneous polymerization was initiated at 4°C, the first question most 

people have is, “Why?”  This is the question Motomasa Tanaka and co-workers have 

been trying to address.  His preliminary studies have found that at 4°C, SupNM monomer 

reversibly forms an oligomeric structure that is not congruent to the Sc4 fiber structure 

(Ohhashi et. al., 2009, submitted).  If the temperature of the oligomer is raised to close to 

25°C, it immediately dissociates into single monomers.  Tanaka and co-workers have 

also found that the oligomer is on-pathway to fiber formation.  In an effort to better 

characterize the oligomeric structure, Tanaka and co-workers have collaborated with us 

to study this process by NMR.  These unpublished data are experiments performed in 

collaboration with Motomasa Tanaka in an effort to better understand SupNM oligomer 

structure.   

 

Results and Discussion 

 In collaboration with Motomasa Tanaka, we sought to try to determine secondary 

structure of the SupNM oligomer by H/D exchange.  The protocol was again modified to 

accommodate this.  Briefly, an appropriate amount of 15N-SupNM monomer was put over 

a reverse-phase HPLC column to remove the guanidine it is stored in.  The sample was 

then frozen and lyophilized.  The dried monomer was resuspended in pure D2O at 4°C 

and allowed to exchange for a short period of time.  Exchange was quenched by freezing 

the sample in liquid nitrogen, and was then lyophilized.  The data acquisition and 

processing was then performed as described.  As shown in figure 4.5, no appreciable 
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Figure 4.5  Oligomer structure by H/D exchange
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SupNM at 4ºC (oligomer) and 37ºC (monomer).  Exchange for monomer was performed for 1 minute 
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protection was observed for the oligomeric structure.  There are a number of reasons this 

might occur.  First, as we had no way to confirm the presence of oligomer during 

exchange, the oligomer may not have formed for whatever reason.  Second, the structure 

may be very weak, and thus not result in significant protection.  Finally, the oligomeric 

structure is very dynamic in nature (Tanaka, unpublished observations) and thus any 

protection may have been quickly lost as oligomers quickly dissociated and re-associated.   

 Alternatively, we thought we might be able to observe oligomer formation by 

NMR.  The previous study was able to do limited experiments using solution NMR on 

SupNM fibers (Toyama et al., 2007).  The only peaks visible corresponded to residues 

that were unstructured.  Similarly, we thought we might see peaks disappear as oligomer 

formation occurs, the only remaining peaks again corresponding to residues unstructured 

in the oligomer structure.  This indeed was the case, as a 15N-SupNM sample at 25°C 

appeared as a monomer, resulting in a nicely dispersed spectrum (Fig. 4.6).  When the 

same sample was lowered to 8°C, a number of peaks disappeared which is exactly what 

we would have expected upon oligomer formation.  This process was reversible, as all the 

peaks reappeared upon raising the same sample back to 25°C.  Quantitation of randomly 

picked peaks shows that the vast majority of peaks are lower in volume upon oligomer 

formation, with many completely disappearing from the spectrum.  When the sample was 

returned to 25°C, however, the peak volumes all returned remarkably close to the original 

peak volume.  

 Another way to confirm oligomer formation by NMR is through a NOESY.  In 

this experiment, crosspeaks represent through-space interactions between nuclei that are 

in close proximity.  Thus, as the oligomer forms, the monomers should become more 
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structured resulting in more potential NOEs.  This would be observed as an increase in 

crosspeak signal on a NOESY spectrum.  NOESY spectra were therefore acquired on a 

SupNM sample at 25°C and 8°C (Fig. 4.7).  The spectra at 8°C clearly shows a large 

increase in NOEs over the 25°C spectrum, again demonstrating the formation of higher 

order structure at the lower temperature.   

 

Conclusions 

 This demonstrated that not only could you observe oligomer formation by 

solution NMR, but that it was fully reversible.  Furthermore, you could observe on 

residue-level resolution, which peaks may be participating in the oligomer fold, and also 

potentially specific through-space contacts.  What remains, is assignments of the 

monomeric spectrum.  This would allow you to know exactly which residues in SupNM 

participate in the oligomer, and which do not.   
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Summary 

 In summary, we have been able to first demonstrate that two yeast prion strains, 

Sc4 and Sc37, represent two conformations of fiber that have distinct physical properties 

(Tanaka et al., 2004; Tanaka et al., 2006).  Sc4 fibers polymerize slowly at physiological 

temperatures and form fragile fibers.  Sc37, however, robustly polymerize at 

physiological temperatures and form strong fibers that are more resistant to breakage 

(Tanaka et al., 2006).  Subsequent structural studies then identified the residue-specific 

conformational differences between these fibers, revealing an overlapping amyloid core 

but expansion of structure in the Sc37 conformation that almost doubles the structure 

content of the Sc4 conformation (Toyama et al., 2007).  This structural study also opened 

up the possibility for differential chaperone binding playing a role in strain phenotypes.  

To address, this, an in vitro system was established to provide a framework in which to 

map the chaperone recognition elements on SupNM fibers.  Although these works 

provide substantial progress into the study of prion structure, more detailed analysis will 

be needed to ascertain the full fiber structure.  Methods such as solid-state NMR have 

been instrumental in achieving atomic resolution models of other amyloids.  The size of 

SupNM would initially seem to prohibit the use of this technique, however, through new 

NMR techniques and labeling schemes, this barrier will hopefully be scaled in the near 

future.   

 Structural understandings in hand, we can now start to piece together the 

sequences of characteristics that produce the prion strain phenomenon and begin to 

answer Robertson’s challenge.  The disparity in the length of the amyloid fold between 
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the Sc4 and Sc37 conformations provides a structural rationale for the differences in the 

physical characteristics of the respective fibers.  Sc37 fibers are less fragile than Sc4 

fibers due to the increased number of residues that participate in the fiber fold.  Thus, the 

smaller amyloid fold of Sc4 results in weaker, more breakable fibers, resulting in many 

small fibers which are more effective at recruiting and sequestering natively folded 

protein, which results in a minimal population of soluble and function Sup35p, causing 

the white color phenotype.  The larger amyloid fold of Sc37 results in stronger fibers 

which more effectively resist shearing, resulting in fewer fibers to help recruit and 

sequester natively folded protein, which allows more soluble and functional Sup35p to 

persist, causing the pink color phenotype.  More concisely, conformational heterogeneity 

leads to heterogeneity of physical characteristics, which leads to differing aggregation 

efficacies, which in the case of the yeast prion [PSI+], produces distinct in vivo 

phenotypes.  Indeed, there is also evidence of a strong correlation between aggregate 

stability and in vivo phenotype in the mammalian system.  Here, it was demonstrated that 

the incubation time of the disease correlated with the stability of the aggregate, where the 

more easily the aggregate melted, the shorter the disease incubation time.  Perhaps now, 

over 20 years later, endeavors into the study of prion structures have finally allowed us to 

demonstrate how the “structures of the prion protein…can be related to scrapie strain 

specificity”, satisfying a lingering challenge to the protein-only prion hypothesis.   
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