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Abstract

Prions are proteins that can switch to self-perpetuating, infectious conformations. The abilities of

prions to replicate, form structurally distinct strains, and to establish and overcome transmission

barriers between species are poorly understood. We exploit surface-bound peptides to overcome

complexities of investigating such problems in solution. For the yeast prion Sup35, we find that the

switch to the prion state is controlled with exquisite specificity by small elements of primary

sequence. Strikingly, these same sequence elements govern the formation of distinct self-

perpetuating conformations (prion strains) and determine species-specific seeding activities. A

Sup35 chimera that traverses the transmission barrier between two yeast species possesses the critical

sequence elements from both. Using this chimera, we show that the influence of environment and

mutations on the formation of species-specific strains is driven by selective recognition of one or the

other sequence element. Thus, critical aspects of prion conversion are enciphered by subtle

differences between small, highly-specific recognition elements.

The ability of proteins to form β-sheet rich amyloids is associated not only with disease1–3,

but also with diverse normal biological functions including cell-adhesion4, skin

pigmentation5, adaptation to environmental stresses6–8, and perhaps even long-term neuronal

memory9. Prions are an unusual class of amyloid-forming proteins, whose conformations are

self-templating (self-seeding) and thereby infectious. The conformationally-converted prion

state can be transmitted from cell to cell within or, in some cases, between organisms. Prions,

too, can be either deadly or beneficial6–8,10.

The first identified prion protein was PrP, whose conversion to the prion conformer (PrPSc) is

associated with several fatal neurodegenerative diseases10. More recently identified prions in

yeast and other fungi are unrelated to PrP or to one another11–14. Some of these have may

beneficial effects6–8. The most well-studied is Sup3515–18, a translation-termination factor

whose conversion to the prion state reduces its activity. This increases the read-through of stop

codons, revealing hidden genetic variation and creating complex new phenotypes in a single

step6–8. The ability of Sup35 to exist stably and heritably in either the prion or non-prion states,

and to switch between them, constitutes a mechanism of epigenetic inheritance that is highly

conserved across diverse fungal species19–24.

It is of great interest to determine how a protein functions as a genetic element. But

investigations of Sup35 also provide insight into the conformational conversion of other

amyloidogenic proteins. Sup35 was the first prion shown to be a self-templating amyloid25–

27. Moreover, its assembly into prion (amyloid) conformers was discovered to involve an

unusual conformationally-labile oligomeric intermediate28. It now appears that many other
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amyloid-forming proteins, including those involved in several human diseases, assemble via

a similar intermediate29–35, and this oligomeric form may be a key factor in their

pathogenicity36–43. Sup35 prions also exhibit two of the most baffling aspects of prion biology

that were initially identified for mammalian PrP. First, both Sup35 and PrP can adopt not just

one prion conformation, but a suite of related yet structurally distinct conformations (known

as strains or variants)26,27,44–52. Each conformation self-perpetuates and confers a distinct

biological phenotype. Second, the transmission of the prion state between proteins of different

species is limited by a species barrier that can occasionally be traversed19–24,53–58. In both

yeast and mammals the ability to establish and overcome species barriers is, in some unknown

way, related to the ability of prions to form distinct strains10,15,53,56,58–65.

Sup35’s C-terminal domain encodes its translation-termination function15–17. Its ability to

exist in either a prion or a non-prion state is controlled by two other domains15–17. The middle

region (M) has a strong solubilizing activity and is very rich in charged residues. The amino-

terminus (N) is extremely amyloidogenic and of unusually low sequence complexity,

composed primarily of glutamine, asparagine, glycine and tyrosine residues (Supplementary

Fig. S1). It is the interplay between these two domains (NM) that allows Sup35 to exist stably

in either the prion (amyloid) state or the functional and soluble non-prion state.

In its non-prion state NM is compact, but molten, rapidly fluctuating through diverse

conformations66. The structure of NM in its prion state is heavily debated. Several lines of

evidence suggest that two discrete regions of the N domain are in self-contact within NM

fibres67; the region between them is sequestered from intermolecular contacts, while elements

proximal and distal to the contacts are not part of the amyloid core. Cross-linking NM

molecules at one of the intermolecular contacts, but not elsewhere, accelerates nucleation67.

However, other lines of evidence suggest that most residues of the N domain are in

intermolecular contact, stacking in-register upon themselves68–72. Genetic evidence is also

in conflict. Single substitution mutations in certain regions of N can have profound effects on

many aspects of prion biology: they can inhibit replication73,74, bias prion conversion towards

the production of distinct strains61,74, and increase or decrease the ability of prions to cross

species barriers61. These studies would suggest that precise features of amino-acid sequence

play critical roles in Sup35 prion biology. Remarkably, however, scrambling the sequence of

N does not prevent prion formation71,72. This argues that NM prion formation is mainly

dependent upon its amino-acid composition and largely independent of primary sequence71,

72.

To shed light on these paradoxes, and to bring new technology to bear on the baffling

relationship between prion strains and species barriers, we have employed surface-bound

arrays of prion peptides. We find that small elements of the Saccharomyces cerevisiae Sup35

sequence govern prion recognition with extraordinary specificity. We exploited the properties

of such sequences to identify critical prion recognition elements de novo in a distantly-related

yeast species. Remarkably, the recognition elements identified using peptide arrays govern

nucleation, the formation of distinct prion strains and the capacity of prions to cross species-

specific transmission barriers.

Identification of high-specificity recognition elements using peptide arrays

We sought to determine how natively unfolded non-prion conformers achieve self-recognition.

Is it encoded by specific sequence elements? Or is it a distributed property of the N domain’s

unusual low-complexity sequence? To investigate this question we sought to interrogate the

affinity of full-length proteins for diverse short elements of the NM sequence. However, short

peptides from aggregation-prone proteins are often poorly soluble, precluding assessment of

such interactions in solution.
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To overcome this problem, we arrayed a library of overlapping denatured 20mer peptides

derived from the sequence of the prion domain of S. cerevisiae Sup35 (ScNM) on glass slides.

An extensive library of 136 overlapping peptides from ScNM was synthesized. Each peptide

carried 20 residues of prion sequence at its C-terminus, preceded by a 14-carbon PEG spacer

and an N-terminal, double lysine tag for covalent immobilization. The peptides, which should

occupy ~2–3 nm in a random coil conformation under these conditions, were printed with an

average spacing of ~10–12 nm to restrict self-interactions. Each peptide sequence was shifted

from that of the preceding peptide by one to six residues. In the final version of the arrays

smaller intervals were employed to provide higher resolution in critical regions that were

identified in preliminary experiments. (The density of coverage is indicated by the spacing of

the bars in the figures, with the x-axis referencing the centre of the peptide.) The ability of the

immobilized peptides to interact with soluble, full-length NM was examined by incubating

fluorescently labelled protein with the peptide arrays. The label was introduced via a cysteine

substitution mutation (alanine to cysteine at residue 230, A230C) located in a region that lies

far from the residues involved in prion formation67,73. The rest of the protein was identical

to wild-type with no substitutions or labels.

Incubating full-length ScNM with the peptide arrays for two hours led to a strong accumulation

of label over only a very small set of peptides: those encompassing amino acids (aa) 9–28, 10–

29, 11–30, 12–31 and 20–39 (Fig. 1a, b and Supplementary Table S2). These interactions were

highly reproducible (Fig 1a). Strikingly, these sequences lie within the region previously found

by mutational analysis73 and crosslinking67 to strongly influence ScNM prion assembly. It

also overlaps with one of two regions previously identified as being in self-contact within in

mature fibres67.

To determine if other peptide regions could interact with ScNM, albeit with lower efficiency,

we took advantage of the fact that the spontaneous assembly of the full-length protein, even at

five fold higher concentrations, is very slow in quiescent reactions28. Indeed, most of the

protein remains soluble after two and a half days28. At this concentration and with a higher

fraction of the protein carrying the fluorescent probe (75% vs. 5% of protein), label could be

detected at a second set of peptides, spanning residues ~90–120 after one day (data not shown).

This signal was very robust after two and a half days (Fig. 1c and Supplementary Table S2).

This region corresponded to the second previously identified site of intermolecular contact

within mature ScNM fibres (~85–105)67. The reactivity of the surface-bound peptides

indicates that these regions are not only sites of intermolecular contact in mature fibres67, but

also represent highly-specific self-recognition elements within soluble molten, non-prion

conformers.

Recognition elements nucleate NM amyloid fibres

What is the nature of the protein bound to the peptide arrays? The fluorescence detected at

specific peptide spots after two hours (Fig. 1d) continued to increase after even a full day of

incubation (Fig. 1e). In a further attempt to saturate peptide reactivity on the arrays, the slides

were pre-incubated with unlabelled ScNM for five days. However, when subsequently

incubated with labelled protein, these spots continued to accumulate label as above (Fig. 1f).

These results suggested that the growing signals at specific peptide spots might not simply be

due to slow recognition of rare molten soluble conformers. Rather, they might represent sites

of prion assembly. Indeed, the fluorescent signal of the bound ScNM was resistant to extensive

washing with 2% SDS, a characteristic of the prion amyloids formed by NM28,75. To test the

nature of the material accumulating at these specific spots more directly, the protein was

scraped from the slide and imaged by transmission electron microscopy (Fig. 1g). Abundant

fibres were observed, and they were of the characteristic diameter of NM prion fibres25.
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The concentration of peptides in the arrayed spots is ~300-fold greater than the protein in bulk

solution. Thus, it would seem reasonable to suppose that soluble proteins achieved critical

nucleating contacts with peptides on the arrays more rapidly than they did with other full-length

proteins in solution, which are presenting a diversity of sequences for interaction. However,

the striking correspondence between the peptides at which fibres accumulated and the amino-

acid segments that form intermolecular contacts in mature ScNM amyloids67 suggests an

alternative explanation: the peptides simply captured ScNM amyloids that were assembling in

solution during the incubation. To test this, labelled pre-assembled ScNM amyloid fibres were

sonicated into small fragments and incubated with the arrays. In this case the fluorescence that

accumulated at the peptide spots was broadly distributed across the array and similar to

background (data not shown). We conclude that the fibres associated with specific peptide

spots have assembled there in situ from soluble NM. It was not possible for us to determine

whether the interacting soluble species is monomeric or oligomeric. Regardless, our data

clearly indicate that with an extraordinary degree of specificity small elements of the Sup35

prion sequence are able to recognize molten conformers of full-length NM and convert them

via this recognition to a self-templating state.

C. albicans NM interacts with short peptides in a similar manner

Next, we asked if another prion protein might have specific, highly-localized recognition

elements and if our method could be used to identify them. We employed the homologous

prion-determining region of Sup35 from C. albicans, a species separated from S. cerevisiae by

>800 million years of evolution76. The sequence of C. albicans NM (CaNM) shares no

significant tracts of alignable sequence with S. cerevisiae NM24, but is of similar low

complexity and amino-acid composition (Supplementary Fig. S1). CaNM was fluorescently

labelled as for ScNM and incubated with a library of 128 overlapping CaNM peptides. After

two hours CaNM reacted in a highly-specific manner with a small cluster of peptides: aa 59–

78, 60–79, 61–80, 62–81, 63–82, 66–85 and 67–86 (Fig. 2a and Supplementary Table S3).

After longer incubations (one day) at five-fold higher CaNM concentrations, and with a higher

fraction of the protein carrying the fluorescent probe (75% vs. 5% of protein), label

accumulated at a second set of peptides, spanning residues ~110–130 (data not shown). This

signal was very robust after two and a half days (Fig. 2a, inset and Supplementary Table S3).

As with ScNM, the signals obtained with CaNM were not saturable and continued to increase

over several days of incubation (data not shown). Further, the signals were resistant to extensive

washing with 2% SDS. Remarkably, for two distantly-related yeast species, short peptides

from two distinct regions of the prion domain display a similar pattern of recognition by the

full-length soluble proteins and a similar capacity to convert them, via this recognition, to a

self-templating state.

Reconstitution of the species barrier on peptide arrays

A strong species barrier exists between Sc and Ca Sup35 prions19,24. Prion fibres of each

species can seed the polymerization of its own protein in vitro and can propagate their own

prions in vivo, but each cross-seeds the protein of the other species very inefficiently19,24,

59,61. The striking specificity by which specific peptides interact with and nucleate assembly

of full-length ScNM and CaNM prompted us to ask if the species barrier could be explained

by the recognition elements uncovered by the peptide arrays. Indeed, when labelled full-length

ScNM was incubated with a peptide array displaying 128 CaNM peptides for two hours, no

association was detected above background (Fig. 2b). The interaction of ScNM with peptides

in its own recognition element (encompassing residues 9–39) after two hours was at least 30

fold greater than its interaction with any of the CaNM peptides. Conversely, incubating labelled

full-length CaNM with an array displaying 136 ScNM peptides for two hours produced only

background levels of fluorescence (Fig. 2c). The interaction of CaNM with its own peptides
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(encompassing residues 59–86) after two hours was 28 fold greater than for any of the ScNM

peptides. The high degree of specificity that ScNM and CaNM displayed for their own peptides

was maintained after longer incubation times (2.5 days, data not shown).

To test the strength of the species barrier observed on the peptide arrays more stringently, we

mixed proteins of both species, each labelled with a different colour dye (ScNM, green and

CaNM, red) and incubated them with arrays containing both peptides. The NM proteins of

each species were highly selective for interaction with a small subset of peptides from their

own sequences (Fig. 2d). No co-localization of labels was detected.

Next, we employed a promiscuous Sc/Ca NM chimera that has been shown previously to

traverse the species barrier between S. cerevisiae and C. albicans19,61. This chimeric protein

contains segments from both ScNM and CaNM (residues Sc 1–40, Ca 49–141 and Sc 124–

253; Supplementary Fig. S1)19,61. Incubating the full-length NM chimera with an array

displaying libraries of both ScNM and CaNM peptides revealed that it was able to interact with

the prion recognition elements from both species in a highly-specific manner (Fig. 2e).

Role of recognition elements in the formation of prion strains with species-

specific seeding activities

These results suggest that 1) the species barrier between ScNM and CaNM can be defined in

terms of the differential affinities of soluble protein for specific short sequence elements that

have the capacity to initiate a self-templating state, and 2) the ability to cross this species barrier

is linked to the ability of soluble protein to interact promiscuously with sequence elements

from both species. To test these hypotheses more rigorously, we exploited the ability of the

Sc/Ca NM chimera to assemble into distinct strains that have species-specific seeding

activities19,59,61. Protein fibres assembled from the chimeric protein at 15°C seed the amyloid

formation of ScNM but not CaNM61. Fibres assembled at 37°C have the opposite

specificity61. For ease of manipulation we confirmed that the species-specific strain properties

obtained at 15°C were also obtained at 4°C at the protein concentrations employed for our

arrays (data not shown).

As described above, when the chimeric protein was incubated with the peptide arrays at 25°

C, it interacted with peptides from both species (Fig. 2e). However, at 37°C it interacted

selectively with CaNM peptides (Fig. 3a). At 4°C the chimera interacted selectively with ScNM

peptides (Fig. 3b). Thus, the ability of the chimeric protein to assemble into distinct species-

specific strains at different temperatures is enciphered by the same small sequence elements

that nucleate amyloid assembly.

Next, we tested the hypothesis that the effects of mutations on the formation of species-specific

strains could also be explained by these same prion recognition elements. As previously

reported, changing a serine at residue 17 to an arginine (S17R) in the Sc/Ca chimera favours

assembly of a prion strain that selectively seeds CaNM61. Conversely, changing four glycine

residues at positions 70, 71, 80 and 81 to alanine (4G/A) favours assembly of a prion strain

that selectively seeds ScNM61. When chimeric protein with the S17R mutation was incubated

with the peptide arrays at 25°C, binding to all of the ScNM peptides was reduced to background

but binding to CaNM peptides was unaffected (Fig. 3c). When the 4G/A mutant was incubated

with the arrays, binding to all but one of the CaNM peptides was greatly reduced but binding

to ScNM peptides was similar to the original chimera (Fig. 3d).
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Mechanism of mutational disruption of Sup35 recognition elements

How do the mutations in the Sc/Ca chimera alter prion recognition and strain formation? They

might do so by biasing the conformations sampled by the molten full-length proteins such that

particular recognition elements are masked. Alternatively, the mutations may directly interfere

with interactions between the full-length proteins and their cognate recognition elements. To

investigate this question we employed the original chimeric protein and tested its ability to

interact with arrays containing mutant peptides. The labelled chimeric protein bound robustly

to the wild-type ScNM and CaNM peptides (dark blue bars, Fig. 4a and b), but exhibited no

interaction above background with any ScNM peptides containing the S17R mutation (yellow

bars, Fig. 4a) or any CaNM peptides containing the 4G/A mutations (pink bars, Fig. 4b). Since

the original chimera reacted with wild-type peptides on the same array, it must have displayed

its own recognition element. Its inability to interact with the mutant peptides, therefore,

indicates that the mutations directly disrupt the recognition function of the sequence elements

rather than solely altering the conformations of the soluble protein. Thus, these mutations,

which bias prions toward the formation of distinct strains and alter cross-species prion

transmission, do so by directly interfering with recognition of the prion specificity elements.

Discussion

Using arrays of surface-bound peptides from the prion domains of S. cerevisiae and C.
albicans Sup35 proteins, we find that small elements of sequence govern self-recognition with

exquisite specificity. These recognition elements are alone sufficient to drive the conversion

of full-length proteins in the non-prion conformation – molten, rapidly fluctuating, natively

unfolded conformers – into self-templating amyloid conformations. Moreover, it is these same

sequence elements that govern the formation of the distinct prion strains and determine

transmission barriers between species.

The highly-localized and species-specific nature of the interactions detected with peptide arrays

was unexpected for several reasons. For example, when the sequence of S. cerevisiae’s Sup35

prion domain is scrambled, the protein still forms prions71,72. This had suggested that prion

formation was a distributed property, due to the unusual amino-acid composition of the N

domain, rather than a localized property of specific sequences within it. Indeed, scrambling of

the prion domain sequence has occurred in nature for different yeast species. Although the S.
cerevisiae and C. albicans N domains are both of low complexity (half of their residues are

glutamines or asparagines and most others are tyrosines or glycines; Supplementary Fig. S1),

their amino-acid sequences cannot be aligned24. Yet CaNM forms prions with a similar

efficiency as ScNM19,24. This, too, might suggest that prion formation is a distributed property

governed primarily by amino-acid composition.

We have found, however, that full-length ScNM and CaNM interact with only a small number

of peptides derived from their own sequences and do so in a highly-localized and specific

manner. But how can our data be reconciled with the ability of scrambled sequences to produce

bona fide heritable prion elements? One explanation is that the scrambled NM sequences may

form prions at very low efficiency; they were expressed at very high levels and their rates of

prion conversion relative to the wild-type were not reported71. Alternatively, it may be that

scrambling N domain sequences frequently results in the formation of new recognition

elements. Given that the prion state produces many changes in phenotype (some detrimental

and some beneficial)6–8, the efficiency of prion conversion may have been conserved for

ScNM and CaNM through selective pressures despite sequence scrambling.

The peptides in the recognition elements we identified also have the unique capacity to drive

molten non-prion conformers into a self-templating state. It has recently been reported that
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small amyloidogenic peptides from the N domain of ScNM (residues 7–12 and 7–13, which

partially overlap with one of our recognition elements) can form microcrystals that yield high-

resolution structures77. Our identification of critical nucleating peptides, therefore, holds

promise for future high-resolution analysis of the bona fide templating structures of [PSI+],

and potentially the comparative analysis of such structures from organisms separated by 800

million years of evolution.

Remarkably, the non-prion conformers of both ScNM and CaNM interacted initially and most

strongly with a small cluster of their own peptides towards the N-terminal side of the N domain

(Fig. 1b and 2a). Additionally, both proteins could interact with a second discrete cluster of

their own peptides towards the C-terminal end of the N domain, but only after much longer

incubations and at higher protein concentrations (Fig 1c and 2a, inset). This finding suggests

that the nature of prion nucleation, conformational conversion and templating for Sup35 may

have been conserved during evolution. If true, this would provide strong evidence for our

previous hypothesis that the phenotypic variation created when Sup35 switches to the prion

state is of considerable biological importance6,7.

It is striking that the specific recognition sites identified on the arrays correspond to regions of

intermolecular association identified in ScNM fibres by other methods67. Although our results

cannot distinguish between proposed structural models for ScNM prion fibres67–70, the data

seem most consistent with one of them: that two distinct regions in the N domain are in self-

contact, with the intervening region sequestered from intermolecular contacts, and regions

distal and proximal to the contacts being outside the amyloid core67. They are also consistent

with cross-linking data suggesting that one of the two contact sites plays a dominant role in

nucleation67.

Our data also suggest a new framework for conceptualizing the formation of species barriers

and prion strains. Species barriers are known to depend, in part, upon the primary sequence of

prions19–24,53–58. We find that they are determined by highly localized elements of amino-

acid sequence. Moreover, these are the very same elements that control nucleation. Species

barriers are also known to be influenced by prion strains10,15,53,56,58–65, but the molecular

connection has been elusive. For the promiscuous Sc/Ca NM chimera the remarkable

concordance between the way that specific mutations and environmental conditions determine

the particular peptides that can nucleate soluble chimeric protein on the arrays (Fig. 3) and way

they determine the species-specific propagation of different chimeric strains61 suggests the

following relationship: within the same region of the same protein, small elements of primary

sequence can initiate distinct intermolecular recognition events that drive the formation of

different amyloid structures. These same sequence elements are then involved in templating

those structures to soluble protein for propagation of the prion strain.

From a methodological perspective, it is empowering that peptide arrays, which are typically

used to study the specificities of folded proteins78, can also be used to identify sequences that

drive structural transitions in natively unfolded proteins. This method has the potential to

illuminate many difficult problems in human disease biology. For example, genetic analysis

of prion strain variation and species barriers has been far less tractable in mammals than in

yeast. Peptide arrays may prove equally applicable to both, allowing testable hypotheses to be

rapidly generated. Peptide arrays might also be employed in high-throughput drug screens for

compounds that prevent protein assembly, promote it, or redirect it to alternative forms. Finally,

the fact that highly-ordered amyloid fibres can be specifically nucleated and assembled at

patterned sites on solid surfaces, and that this assembly process can be tightly controlled by

simple changes in environmental conditions (e.g., temperature), may have important

implications for fabricating materials and devices with complex, nanostructured features79,

80.
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Perhaps the most important implication of our work is that the very nature of protein folding

for Sup35 prions is profoundly different from that of proteins with globular domains. The latter

is typically governed by a large number of intramolecular interactions that collectively and

cooperatively drive folding of the entire domain. In contrast, we find that the folding of two

distantly-related yeast prion proteins into amyloid fibres of defined tertiary structure is

controlled by intermolecular interactions between very small elements of primary sequence.

Peptide arrays offer an opportunity to determine whether other amyloidogenic proteins fold by

a similar mechanism.

Methods

Mutagenesis, protein purification and cysteine labeling

Single cysteine mutations were introduced into NM using QuikChange mutagenesis

(Stratagene). ScNM and CaNM contained a C-terminal 7x His tag, as did the Sc/Ca NM

chimera constructs except for S17R, which contained a 6x His tag. All NM proteins were

purified as described previously25 except that the proteins were eluted from a Ni-NTA column

using low pH instead of imidazole. The NM cysteine mutants at or near the C-terminus (Sc

A230C, Ca S227C and all chimeras at the extreme C-terminus) were labelled overnight at room

temperature with maleimide-functionalized Alexa Fluor 555 or 647 (Invitrogen) using a 5:1 to

10:1 molar ratio of label:NM, and the free label was removed using a Ni-NTA column.

Peptide array synthesis, hybridization and quantification

Peptides were synthesized on modified cellulose membranes using SPOT technology81 (JPT

Peptide Technologies GmbH). Each peptide contained a double alanine tag at its N-terminus,

a 20-residue segment derived from the Sup35 sequences, a hydrophilic linker (1-amino-4,7,10-

trioxa-13-tridecanamine succinimic acid82) and a double lysine tag at its C-terminus. The

peptides were cleaved off the membranes, freeze-dried and resuspended in buffer (40% DMSO,

5% glycerol, 55% PBS, pH 9) for printing. The peptides were then printed onto hydrogel glass

slides (Nexterion Slide H, Schott) functionalized with reactive N-hydroxysuccinimide (NHS)

ester moieties. Each peptide spot (250 μm in diameter) was printed with 1.5 nl of peptide

solution at a concentration of approximately 2.5 μM using non-contact printing (JPT Peptide

Technologies GmbH). Unreacted peptides were removed from the hydrogel slides. Slides were

dried and blocked with 3% BSA in PBST for 1 h. The NM proteins were denatured in 6 M

guanidine hydrochloride at 100°C for approximately 20 min, and then diluted 125 fold in PBST

containing 3% BSA to a final concentration of 1–5 μM NM and a label-per-protein molar ratio

of 5–75%. Each peptide array was incubated individually with 2–3 ml of diluted NM in an

Altas hybridization chamber (BD Biosciences) for the indicated times without mixing. The

peptide arrays were then washed 5 times with 50 ml of 2% SDS for 30 min, 5 times with 50

ml of water, 3 times with 50 ml of methanol and then spun dry. The methanol washes were not

essential but helped prevent uneven drying of the slides. The arrays were then imaged using a

Genepix 4000A scanner and the median fluorescence values of two or three replicates for the

peptide spots were quantified using Genepix Pro 6.0 software (Molecular Devices).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Identification of recognition sequences within ScNM using peptide arrays. a, Image of a

triplicate array of sequential overlapping 20mer ScNM peptides after incubation with labelled

full-length ScNM. b–c, Quantification of the fluorescence of labelled full-length ScNM bound

to a similar peptide array after (b) two hours (1 μM, 5% Alexa Fluor 555) and (c) two and a

half days (5 μM, 75% Alexa Fluor 555). The relative fluorescence intensity (RFU) for each

20mer peptide, reported as median + standard deviation, is displayed at its central residue on

the x-axis. d–f, Quantification of the fluorescence of labelled full-length ScNM (1 μM, 5%

Alexa Fluor 555) bound to ScNM peptides after (d) two hours, (e) one day and (f) one day

after preincubation with unlabelled full-length ScNM (1 μM) for five days. g, Transmission

electron micrograph of full-length ScNM fibres that assembled on a peptide array after two

and a half days. The scale bar is 50 nm.
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Figure 2.

Analysis of CaNM recognition sequences and the species barrier between Sc/Ca NM. a,

Quantification of the fluorescence of labelled full-length CaNM bound to overlapping 20mer

CaNM peptides after two hours (1 μM, 5% Alexa Fluor 647) and two and a half days (inset, 5

μM, 75% Alexa Fluor 647). b, Quantification of the fluorescence of labelled full-length ScNM

(1 μM, 5% Alexa Fluor 555) bound to overlapping 20mer CaNM peptides after two hours. c,

Quantification of the fluorescence of labelled full-length CaNM (1 μM, 5% Alexa Fluor 647)

bound to overlapping 20mer ScNM peptides after two hours. d, Image of a single peptide array

that was simultaneously incubated with labelled full-length ScNM (green, Alexa Fluor 555)

and CaNM (red, Alexa Fluor 647) for two hours (1 μM final concentration of each protein, 5%

label). e, Quantification of the fluorescence of labelled full-length Sc/Ca NM chimera (1 μM

NM, 5% Alexa Fluor 647) bound to both ScNM and CaNM peptides after two hours of

incubation.
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Figure 3.

Analysis of the conformational preference of the Sc/Ca NM chimera. a–d, Quantification of

the relative binding of various labelled full-length NM chimeric proteins to overlapping 20mer

ScNM and CaNM peptides: (a) Sc/Ca chimera at 37°C, (b) Sc/Ca chimera at 4°C, (c) S17R

Sc/Ca chimera at 25°C and (d) G70, 71, 80, 81A Sc/Ca chimera at 25°C. The peptide arrays

were incubated with each prion domain (1 μM NM, 5% Alexa Fluor 647) for two hours.
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Figure 4.

Analysis of the mutational disruption of the ScNM and CaNM recognition elements. a,

Quantification of the relative affinity of the full-length Sc/Ca NM chimera for wild-type ScNM

peptides (dark blue bars) and ScNM peptides containing the S17R mutation (yellow bars). b,

Quantification of the relative affinity of the full-length Sc/Ca NM chimera for wild-type CaNM

peptides (dark blue bars) and CaNM peptides containing the G70, 71, 80, 81A mutations (pink

bars). The peptide arrays were incubated with the NM chimera (1 μM NM, 5% Alexa Fluor

647) for two hours.
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