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Introduction

The yeast Saccharomyces cerevisiae has many attributes that make 
it an ideal model organism in which to explore the molecular 
basis of key cellular mechanisms that operate across eukaryotic 
species. For example, through the application of an extensive 
molecular toolbox and publically available genetic resources, we 
have learned much about how nascent polypeptide chains fold 
in the cytoplasm and in the endoplasmic reticulum (ER) and 
the role molecular chaperones play in ensuring that native and 
functional protein folds are quickly reached. The components of 
this toolbox allow the experimenter to rationally engineer gene 
expression, to monitor protein localization and to assess the 
impact of gene modifications on host cell phenotype through 
relatively straightforward manipulations.1 Perhaps not surpris-
ingly therefore, yeast has also become a favored model organism 
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The yeast Saccharomyces cerevisiae is a tractable model 
organism in which both to explore the molecular mechanisms 
underlying the generation of disease-associated protein 
misfolding and to map the cellular responses to potentially 
toxic misfolded proteins. Specific targets have included 
proteins which in certain disease states form amyloids and 
lead to neurodegeneration. Such studies are greatly facilitated 
by the extensive ‘toolbox’ available to the yeast researcher that 
provides a range of cell engineering options. Consequently, a 
number of assays at the cell and molecular level have been set 
up to report on specific protein misfolding events associated 
with endogenous or heterologous proteins. One major target is 
the mammalian prion protein PrP because we know little about 
what specific sequence and/or structural feature(s) of PrP are 
important for its conversion to the infectious prion form, PrPSc. 
Here, using a study of the expression in yeast of fusion proteins 
comprising the yeast prion protein Sup35 fused to various 
regions of mouse PrP protein, we show how PrP sequences 
can direct the formation of non-transmissible amyloids and 
focus in particular on the role of the mouse octarepeat region. 
Through this study we illustrate the benefits and limitations of 
yeast-based models for protein misfolding disorders.
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in which to explore human disease mechanisms and to screen for 
potential therapeutics. One particular class where recent progress 
has been made is with those diseases which are linked to protein 
misfolding and aggregation.

The last decade has seen the development of a variety of 
yeast-based models of human protein misfolding-linked dis-
orders.2,3 These include models for Alzheimer disease (AD),4,5 
Parkinson disease (PD),6 and Huntington disease (HD),7-9 all 
of which are associated with the misfolding and aggregation of 
specific proteins into amyloid structures which may or may not 
be linked to disease pathology. The transmissible spongiform 
encephalopathies (TSEs) are a unique group of amyloid diseases 
which, unlike AD, PD and HD, are transmissible within—and 
in some cases between—closely related species. TSEs are often 
referred to as prion diseases because of their common patho-
genic mechanism that is associated with the conformational 
conversion of the normal soluble form of the PrPC protein into 
an abnormal, protease-resistant and insoluble prion form called 
PrPSc that is largely present in the form of high molecular weight 
amyloid fibrils.10

The discovery that prions also exist in S. cerevisiae11 raised 
the possibility of dissecting the unique process by which these 
infectious proteins are generated and propagated, using a highly 
tractable and above all, safe in vivo model. Although yeast has no 
ortholog of the PrP protein, nevertheless there are at least eight—
possibly more—proteins that can undergo a heritable change in 
protein conformation leading to detectable changes in cell phe-
notype (reviewed in ref. 12). In contrast to the prion form of 
mammalian PrP however, most yeast prions appear to be benign, 
although they can be associated with cellular toxicity in some 
contexts.13-15 Screening for compounds that inhibit the propaga-
tion of yeast prions has already successfully uncovered new drugs 
that are active against mammalian prions e.g., 6-aminophenan-
thridine (6AP) and Guanabenz (GA).16

In this article we first briefly review the key structural features 
of mammalian PrP and yeast prions. This is followed by an over-
view of what we and others have learnt about structure-function 
relationships for mammalian PrP using S. cerevisiae as an experi-
mental tool, through a combination of heterologous expression 
and phenotypic analysis. In so doing, we illustrate some of the 
approaches, benefits and limitations of such studies through 
an analysis of the behavior of mouse PrP fusion proteins in S. 
cerevisiae.
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One of the most intriguing sequence features of mammalian 
PrP is an array of five near identical octapeptide sequences (con-
sensus: P(Q/H)GGG(G/-)WGQ) in the N-terminal region of 
PrP (residues 50–90; Fig. 1A). These are referred to as the oct-
arepeats17 and each octarepeat is able to bind divalent ions such 
as copper18 with the His residues in the octarepeats acting as the 
primary anchor point.18,19 PrP also contains a highly hydropho-
bic transmembrane domain 1 (TM1) between residues 109–134, 
a region that encompasses a “toxic peptide” sequence (residues 
105–125) that is highly toxic to neuronal cells.20,21 Within the 
toxic peptide sequence lies in a hydrophobic palindrome (AGA 
AAA GA) extending from residues 112–119 that is associated 
with enhanced amyloidogenesis22,23 and is required for the PrPC 
to PrPSc conversion.24-26

There is considerable interest in how the various structural 
properties of PrP contribute to de novo prion generation, propa-
gation and subsequent transmission of PrPSc. Analysis of the pri-
mary structure of PrP has yielded important information on why 
certain point mutations and deletions of PrP affect the course of 
prion infection in mammalian models.27,28 However, secondary 
and especially the tertiary structural features of PrP are of equal 

Structural Features of Mammalian PrP

Mammalian PrP is a glycoprotein, widely expressed in neuronal 
cells and well conserved among mammals; for example, human 
and mouse PrP show 88% amino acid identity. However, PrP 
represents a challenge as a heterologous expression target in 
yeast primarily because it is naturally subjected to a range of 
post-translational modifications (Fig. 1A). The PrP protein 
is cell surface-associated and is attached to the plasma mem-
brane by a C-terminal, glycosyl-phosphatidyl-inositol (GPI) 
anchor. The first 22 residues of PrP define the hydrophobic sig-
nal sequence that is cleaved during translocation of the protein 
into the ER. Once in the ER an intra-chain disulphide bond is 
formed between Cys178 and Cys213 and two N-linked oligosac-
charide chains are added to residues 180 and 196 respectively. 
The C-terminal 23 amino acid residues are cleaved prior to 
the addition of the GPI anchor which is attached to Ser231 and 
hence the mature PrP protein that leaves the ER en route to 
its final destination is 209 amino acids in length and encom-
passes residues 23–231 (numbering based on the mouse PrP 
sequence).

Figure 1. Important sequence and structural features of mouse PrP and yeast Sup35 prion proteins. (A) The mouse PrP pro-protein has 253 amino 
acids. Features are an N-terminal ER signal, an intra-chain disulphide bond between Cys178 and Cys213, two glycosylation sites at position 180 and 
196 and a GPI anchoring signal. The mature protein is 209 amino acids long (residues 23–231). The location of three α-helices (α1–3; residues 144–153, 
172–194 and 200–224 respectively) and two b-sheets (β1–2; residues 128–131 and 161–164) are indicated. Amino acid residues 50–90 contain 5 repeats 
of a glycine-rich octapeptide. Amino acid residues 105–125 encompass the so-called “toxic peptide.” (B) The Saccharomyces cerevisiae Sup35 protein 
consists of three distinct regions: an N-terminal prion-forming domain (PrD) that contains a Q/N rich tract (QNR) and a consensus oligopeptide repeat 
sequence (OPR); a middle, highly charged region (M); and the functional C-terminal domain (C).
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repeat in the Sup35-OPR resembles the octarepeat of mamma-
lian PrP including the conservation of a flexible Gly-Gly motif. 
However, the Sup35 oligopeptide repeats lack the His and Trp 
residues which mediate copper binding to the octarepeat.

The presence of oligopeptide repeats in the Sup35-PrD can-
not necessarily be taken as a diagnostic feature of a yeast prion 
whereas the presence of a Gln/Asn-rich region (like the Sup35-
QNR) generally can. Yet such Gln/Asn-rich regions are not essen-
tial for a protein to take up and propagate a prion state in yeast. 
For example, the HET-s prion protein from Podospora anserina 
(reviewed in ref. 51) has neither a predominance of Asn nor Gln 
residues in the C-terminal region of the protein essential for its 
prion properties. Furthermore, a HET-s-GFP fusion protein can 
be stably propagated in a prion form in S. cerevisiae.52 What pri-
mary sequence features confer prion-like properties to a protein 
is not therefore fully established, and the critical feature could 
even be a secondary structural feature such as conformational 
flexibility and/or disorder.

Assaying Heterologous Prions in Yeast

The Sup35-PrD is absolutely required for the formation and 
propagation of the [PSI+] prion, but is not required for the essen-
tial Sup35 function in translation termination; this activity 
resides in the C region (residues 254–685).47,53 Linking the N 
and C regions of Sup35 is a highly charged M region (Fig. 1B). 
This distinct architecture of Sup35 has allowed the develop-
ment of an effective assay that can be used to assess whether 
or not a particular homologous (reviewed in refs. 54 and 55) or 
heterologous (reviewed in ref. 56) protein sequences can confer 
prion-like properties to Sup35MC in yeast. The target sequence 
is fused in frame with the MC region of Sup35 and the ability 
of the resulting fusion protein to switch to a stable, heritable 
prion form can then be readily assessed by expressing the pro-
tein in a strain carrying the suppressible ade1-14 nonsense allele. 
Expression of the ade1-14 allele leads to the accumulation of a 
red pigment, a by-product of an associated defect in adenine bio-
synthesis and this allele can be used to monitor [PSI+] because 
the associated conformational switch generates a non-functional 
form of Sup35 resulting in a translation termination defect. 
This is turn leads to suppression of the ade1-14 allele i.e., non-
sense suppression. Consequently, [PSI+] ade1-14 cells form white 
Ade+ colonies rather than the red Ade- colonies observed when 
Sup35 is fully functional, as in a [psi-] ade1-14 strain (Fig. 2A). 
Intermediate levels of nonsense suppression generate a range of 
different colony color phenotypes ranging from pink to pink/
red.

When fused to Sup35MC, only a small proportion of Gln/
Asn-rich polypeptides can undergo the expected conformational 
change and assembly into heritable amyloids.54-56 A recent sys-
tematic survey of the Sup35-QNR revealed that a high density 
of Asn residues promotes assembly of benign self-templating 
amyloids whereas an abundance of Gln residues promotes forma-
tion of toxic non-amyloid conformers.57 Importantly, while some 
Gln/Asn-rich domains can facilitate the formation of protein 
aggregates as defined by the Sup35MC-based assay, that does not 

importance because ultimately the transition from PrPC to PrPSc 
occurs via one or more template-driven, conformational conver-
sion events.29

Some detailed structural information is available for mouse,30,31 
Syrian hamster,32,33 and human PrPC,34 but little information 
is available for the corresponding PrPSc prion forms. What has 
emerged from these structural studies is that mammalian PrP 
proteins have a conserved general fold characterized by the pres-
ence of a disordered 100 residue N-terminal stretch attached to 
a globular C-terminal domain encompassing residues 121–231.35 
Within the disordered N-terminal domain, the region between 
residues 23 and 89 is particularly susceptible to proteinase K 
cleavage and remains so even in PrPSc polymers.36 The C-terminal 
domain has two stranded anti-parallel β sheets (β1 and β2) and 
three α helices (α1, α2 and α3) plus the disulphide bridge which 
links α2 and α335 (Fig. 1A). Notably, a hydrophobic network 
exists between α2 and α3 and mutations in this region (e.g., 
Val180Ile, Phe198Ser, Val203Ile and Val210Ile in human) have been 
linked to familial forms of TSEs.37-41 As expected, these muta-
tions have a significant effect on the dynamics and stability of 
PrP.28

While the structures of a range of partial or full-length PrPs 
generally superpose,34,35 there is a small shift in the α2 and α3 
helices when comparing the full-length protein and truncated 
constructs suggesting that the N-terminal domain has a small 
stabilizing effect on the α2 and α3 helices. In addition, com-
parison of the structure of the 90–231 and 29–231 fragments 
of Syrian hamster (Sha) PrP32 revealed a slight structural diver-
gence, implying that the octarepeat region may play a role in the 
general protein fold. Recent findings using trypsin-digested PrPSc 
also support the hypothesis that this structural divergence may 
be important in the context of conformational transition because 
the octarepeat region exposes multiple epitopes in PrPC, but none 
in PrPSc.42

Structural Features of Yeast Prions

Fungal prion proteins show very limited amino acid sequence 
similarity between them or in comparison to mammalian PrP, 
but nevertheless are subject to the same underlying processes 
that drive de novo generation and propagation of the prion form. 
Since their discovery in S. cerevisiae,11 the yeast prion proteins 
that give rise to the [URE3] and [PSI+] phenotypes, namely Ure2 
and Sup35 respectively, have been subjected to extensive analysis 
in an attempt to identify the critical sequence and/or structural 
features that are responsible for this remarkable behavior.

Sup35 is an essential translation termination protein43,44 and 
its propensity to form transmissible prion aggregates has been 
linked to a specific structural feature called the prion forming 
domain (PrD). The Sup35-PrD encompasses the N-terminal 
region between residues 1 and 97,45-47 which in turn consists of 
two structurally and functionally distinct regions: a Gln/Asn rich 
region (QNR, residues 1–40) and a series of oligopeptide repeats 
(OPR, residues 41–97) (Fig. 1B). The QNR region forms the 
core of the amyloid fibers of Sup35 while the OPR is essential for 
continued propagation of the [PSI+] state.45,48-50 The oligopeptide 
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been used to identify Sho, a putative 
PrP-interacting protein.60

Most studies on PrP expressed in 
yeast have focused on exploring the 
role of the PrP octarepeat through 
studying the effects of deleting or 
inserting one or more octarepeats. 
Such studies are important because 
expansion of the numbers of octare-
peat beyond the usual five has been 
found in certain familial prion dis-
eases in humans61 and the number of 
repeats appears to determine the type 
of cerebellar deposits.62 Although 
the octarepeats are not essential for 
PrPSc formation per se, the expres-
sion in mice of a PrP transgene lack-
ing the octarepeat region rendered 
the rodents less susceptible to scrapie 
infectivity.63

Two independent studies using 
yeast as a model found that increas-
ing the number of PrP repeats in 
a PrP-Sup35 chimaeric protein 
increased the spontaneous appear-
ance of the [PSI+] phenotype in vivo 
and accelerated amyloid formation 
in vitro.64,65 This suggested that the 
PrP octapeptide repeats are more 
amyloid prone than Sup35 repeats 
and may also facilitate the genera-
tion of a wider range of propagat-
able structures through an increased 
conformational flexibility in the 
fusion proteins with expanded num-
bers of repeats. However, mutations 
associated with familial forms of 
the TSEs span the entire length of 
PrP and other primary or secondary 
structural features are likely to be 
important for protein conformation 

including the hydrophobic region (residues 112–119; Fig. 1A) 
that is essential for the conversion of PrPc to PrPSc 26 since deleting 
this region reduces the formation of PrPSc.66

Yet in spite of the attractiveness of yeast as a model organism in 
which to explore structure-function relationships in PrP conver-
sion, there are a number of pitfalls which the experimenter needs 
to be alert to. To illustrate this we describe some experiments that 
were designed to establish the importance of the PrP repeats in 
protein aggregation. The strategy we used was to replace either 
part or the whole of the Sup35-PrD domain of Sup35 with various 
regions of mouse PrP (mPrP) including a precise replacement of 
the Sup35 OPR region with mPrP octarepeats. These Sup35-PrP 
fusions still produce functional Sup35 and hence could be intro-
duced into a haploid [PSI+] [PIN+] ade1-14 sup35::kanMX4 strain 
in place of a plasmid-borne wild type copy of SUP35; a process 

always equate to the formation of a bona fide prion state when 
either the fusion or the native form of the protein are examined.

Only a relatively few studies have used yeast to explore the 
structural features of PrP that are important for its conver-
sion to PrPSc. Early studies showed that replacing the natural 
N-terminal hydrophobic signal sequence of PrP with a yeast 
signal sequence resulted in PrP being targeted to and post-
translationally modified in the ER although it remained in its 
non-infectious PrPC form.58 Nevertheless PrP can adopt the 
PrPSc-like conformation and retain its ability to propagate this 
form when expressed in the yeast cytosol36,59 even though PrPSc 
formation does not take place in the mammalian cytoplasm. 
Furthermore, the environment of the yeast cytoplasm can be 
used to explore the nature and identity of proteins that stably 
interact with PrP. For example, the yeast two-hybrid system has 

Figure 2. The expression of various Sup35/Sup35-PrP proteins in Saccharomyces cerevisiae. (A) The [PSI+] 
ade1–14 strain LJ14 gives rise to white colonies on rich growth medium (1/4 YEPD) indicative of nonsense 
suppression. Growing these cells on the same medium but supplemented with 4 mM guanidine hy-
drochloride (GdnHCl) results in the loss of the [PSI+] giving a non-suppressed red phenotype. Serial 1::5 
dilutions of a cell suspension are shown. (B) The deletion of either the full N region (ΔN, lacking amino-
acid residues 5–112), the QN-rich region (ΔQ, lacking amino-acid residues 5–40) or the OPR region (ΔO, 
lacking amino-acid residues 41–97) generates a form of Sup35 that is functional, but no longer able to 
switch to a stable [PSI+] prion form. In each construct the N-terminal residues of Sup35 are retained (see 
text for details). (C) The phenotypic consequences of expressing various Sup35-mouse PrP fusion pro-
teins in the LJ14 [PSI+] strain. See text for details of constructs shown. PrP sequences are shown in green. 
OCT, the mouse PrP octarepeat region; QNR, the Sup35 QN-rich region; OPR, the Sup35 oligopeptide 
repeat region.
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post-5-FOA selection (Fig. 2B) i.e., neither the QNR nor OPR 
regions alone can mediate [PSI+] prion propagation. The failure 
of the Sup35ΔQ protein to establish and propagate [PSI+] is most 
likely through a failure of Sup35 to interact with the endoge-
nous [PSI+] prion forms of Sup35 since the QNR region medi-
ates Sup35:Sup35 interactions.48-50 The failure of the Sup35ΔO 
derivative is because the OPR region is essential for continued 
propagation of [PSI+].45

Three different Sup35-PrP in-frame fusions were constructed 
using an overlapping PCR strategy73 starting with a full-length 
mPrP cDNA (kindly provided by Professor Adriano Agguzzi, 
University Hospital of Zurich) and the single copy, CEN-based 
plasmid pUKC1620 as templates. The full-length wild type 
SUP35 coding sequence in pUKC1620 also carries the 5' (pro-
moter) and 3' (terminator) regions of this gene ensuring that the 
fusion proteins were all expressed under the control of the native 
SUP35 promoter. Such use of the homologous promoter avoids 
any phenotypic artifacts especially due to overexpression of the 
Sup35-PrP fusion protein.

The fusion proteins Sup35ΔNPrP152 and Sup35ΔQPrP152 were 
constructed to establish whether any sequences C-terminal to 
the mPrP octarepeat region could functionally replace either the 
Sup35 QNR and/or the N region in [PSI+] propagation. Sequences 
C-terminal to the octarepeat region are known to contribute to 
the conversion of human PrPC to PrPSc and include amino acid 
residues 93–112 and 113–120 spanning the hydrophobic region 
(Fig. 1A). The region of mPrP included in our fusions spanned 
residues 88–240. In both cases we observed an unstable nonsense 
suppression phenotype that was retained when the cells express-
ing either plasmid were grown on 4 mM GdnHCl (Fig. 2C). 
A third construct (Sup35ΔNPrP191) in which we replaced the N 
region of Sup35 (5–112) with an extended mPrP sequence (resi-
dues 49–240) that included the octarepeat-containing region, 
showed a much more stable Ade+ suppression phenotype, but 
again this was not eliminated by growth on 4  mM GdnHCl 
(Fig. 2C). The failure to eliminate the suppression phenotype by 
growth on GdnHCl strongly suggested that the phenotype was 
not dependent upon continued Hsp104 function.

A fourth construct analyzed (Sup35mOPR) was one which 
contained a precise replacement of the Sup35 OPR (residues 
41–97) with the mPrP octarepeat region with all other Sup35 
sequences, including the QNR, being retained. This fusion pro-
tein did not confer a nonsense suppression phenotype in the LJ14 
strain, although a previous study in which an analogous con-
struct was studied using a similar strategy, was reported to give a 
weak suppression phenotype.65

Relating phenotype to levels and aggregation state of Sup35-
PrP fusion proteins. As a reduced level of functional Sup35 can 
lead to a nonsense suppression phenotype independent of the 
[PSI+] status of the cell74 we next established whether the sup-
pression phenotypes observed could simply reflect reduced 
steady-state levels of the Sup35-PrP fusion protein. Quantitative 
western blot analysis revealed that the steady-state levels of the 
Sup35ΔQPrP152 protein were similar to wild type Sup35 levels 
although the levels Sup35ΔNPrP152 were only approximately 
40% of wild type (Fig. 3A). In contrast, the Sup35ΔNPrP191 

referred to as plasmid shuffling.67 The resulting strains were then 
tested phenotypically using the suppression of ade1-14 to report 
aggregation-induced reduction in the levels of functional, soluble 
Sup35, and then biochemically to evaluate the levels and type of 
Sup35-PrP aggregates formed.

Assaying the Phenotypic Impact of Sup35-PrP 
Fusions Expressed in Yeast

To evaluate the ability of various N-terminally truncated Sup35 
proteins and Sup35-PrP fusion proteins to function in transla-
tion termination we used the widely studied S. cerevisiae strain 
74-D694 (ade1-14 trp1-289 his3Δ-200 ura3-52 leu2-3,112 
[PSI+] [PIN+]).68 For the analysis of the phenotype conferred 
by expressing various Sup35-PrP fusions LJ14, a derivative of 
74-D694 containing a sup35::loxP-kanMX-loxP disruption, was 
used.5 Viability of LJ14 was maintained by the presence of the 
SUP35 gene on a centromeric URA3-based plasmid (plasmid 
pYK810 69). The various Sup35-PrP fusions were based on plas-
mid pUKC1620, a single copy HIS3-based plasmid carrying the 
ScSUP35 gene under the control of the SUP35 promoter. The 
individual pUKC1620-based plasmids were transformed into 
LJ14 [pYK810] and, following non-selective growth, transfor-
mants that had lost the pYK810 plasmid were selected for by their 
ability to grow on 5-FOA-containing medium.

The phenotypic readout used was the color of the resulting 
colonies both before (i.e., expressing both wild type and modi-
fied Sup35) and after counter selection on 5-FOA (i.e., expressing 
just the modified Sup35). The starting strain LJ14 [PSI+] always 
gave a stable white Ade+ phenotype and this phenotype reverted 
to red Ade- when the cells were grown in the presence of 4 mM 
guanidine hydrochloride (GdnHCl) (Fig. 2A). This curing by 
GdnHCl confirmed that the ade1-14 suppression phenotype was 
due to [PSI+] rather than a non-epigenetic cause since GdnHCl 
blocks the propagation of the [PSI+] prion by inhibiting the dis-
aggregase function of the molecular chaperone Hsp104.70-72 A 
failure to eliminate the nonsense suppression phenotype with 
GdnHCl would indicate that there was a defect in translation 
termination either as a consequence of the inactivation of Sup35 
through Hsp104-independent, non-heritable protein aggregation 
or because only low levels of soluble functional Sup35 were being 
produced.

Construction of Sup35-PrP Chimaeras

Previous studies have shown that the N-terminal region of Sup35 
spanning residues 1–123 are essential for the propagation of 
[PSI+],47,53 and subsequent deletion studies narrowed this down 
to residues 1–97 that encompass the QNR plus OPR regions.46 
All of the constructs used in our study retained the N-terminal 
5 residues of Sup35 to ensure that the N-terminus was correctly 
N-acetylated as a preventative measure against protein degrada-
tion. In addition to creating derivatives lacking the region 5–112 
(Sup35ΔN), we also created versions lacking residues 5–40 
(Sup35ΔQ) and 41–97 (Sup35ΔO). Expressing these truncated 
versions of Sup35 resulted in the expected [psi-] phenotypes 
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proportion of the protein remained in the pellet fraction indicat-
ing that each of the proteins had formed high molecular weight 
aggregates. The highest proportion of pelletable protein was 
seen with the Sup35ΔNPrP191 fusion protein consistent with the 
stronger suppression phenotype generated compared with the 
other fusions studied.

Yeast is able to produce both heritable and non-heritable 
amyloids that are differentiated primarily by their ability to 
be efficiently fragmented by the Hsp104 chaperone and its co-
chaperones.77,78 In the case of Sup35, both types of aggregate can 
lead to a nonsense suppression phenotype as was observed when 
the N region of Sup35 was replaced either by polyglutamine-rich 
sequences78 or with the amyloid-prone Aβ42 region.5 To estab-
lish whether a specific protein aggregate is amyloid-like, one assay 
that can be applied is to establish whether or not the aggregates 
are SDS resistant. Most if not all yeast prions form SDS-resistant 
polymers and their presence in vivo can be readily established 
using the technique of semi-denaturing detergent agarose gel 
electrophoresis (SDD-AGE).54,79

Analysis of the Sup35-based protein aggregates formed in the 
various strains that were phenotypically analyzed (Fig. 2B and C) 
revealed that only the Sup35ΔNPrP191 and the Sup35mOPR 
fusion proteins formed SDS-resistant polymers of Sup35 that 
could be detected by SDD-AGE, using a polyclonal antibody 
raised against the Sup35 MC domain (Fig. 4). These two fusion 
proteins both contained the mouse octarepeats, yet gave very dif-
ferent phenotypes; the Sup35ΔNPrP191 fusion gave a strong sup-
pression phenotype while the Sup35mOPR gave no detectable 
suppression of the ade1-14 allele. This difference in phenotype 
could be explained by the relative amounts of monomer vs. SDS-
resistant polymer since the Sup35mOPR protein yielded a much 
higher level of functional monomer than the Sup35ΔNPrP191 
fusion (Fig. 4). Interestingly, the Sup35ΔQPrP152 construct 
which retained the Sup35-OPR sequence did not form high 
molecular weight SDS-resistant aggregates although a distinct, 
lower molecular weight aggregate not seen in the [psi-] control, 
was detected (Fig. 4).

The dependency on Hsp104 of formation of SDS-resistant 
aggregates. The use of GdnHCl-mediated elimination of the non-
sense suppression phenotype is widely used to indicate whether 
the [PSI+] prion is responsible for the termination defect since 
continued propagation of the prion requires functional Hsp104.68 
However, in some strains GdnHCl can generate an antisup-
pression phenotype independent of the presence of [PSI+].80 
Consequently it is important that GdnHCl curing studies are 
backed up by confirmation that disrupting the HSP104 gene gives 
the same phenotypic effect. We generated such Δhsp104::kanMX 
knockout mutants for three of the Sup35-PrP-expressing strains 
under test; the wild type LJ14 [PSI+] parent and the two deriva-
tives expressing either the Sup35ΔQPrP152 or the Sup35ΔNPrP191 
fusion proteins (Fig. 5). As expected, the wild type [PSI+] strain 
gave a red Ade- phenotype in the Δhsp104::kanMX strain con-
sistent with a failure to propagate the [PSI+] prion. However, in 
the case of both Sup35-PrP fusion proteins, no elimination of the 
nonsense suppression phenotype was observed, confirming the 
GdnHCl experiment (Fig. 2B and C) and showing that Hsp104 

protein was less than 20% of the wild type protein level indi-
cating that at least in part the nonsense suppression phenotype 
seen could reflect a significant reduction in the steady-state levels 
of the Sup35ΔNPrP191 fusion protein and this reduced levels of 
functional Sup35 could be further exacerbated if a fraction of the 
fusion protein was in an aggregated form. Deletion of the com-
plete N region of Sup35 (5–112) or just the QNR region (5–40) 
resulted in an increase in the steady-state levels of the truncated 
protein compared with wild type Sup35 levels suggesting that 
the reduced protein levels were a consequence of the presence of 
the PrP octarepeat region in the fusion proteins. The observed 
differences in expression levels were not dependent on extraction 
methods used or due to vacuolar proteolysis (Jossé L., unpub-
lished data).

To establish whether any proportion of the Sup35-PrP fusion 
proteins were in an aggregated state, we used differential cen-
trifugation to generate a high molecular weight pellet fraction 
and a soluble fraction. In a [PSI+] cell the majority (> 90%) of the 
Sup35 is typically detected in the pellet fraction (reviewed in refs. 
75 and 76; Fig. 3B). Deletion of either the QNR or the entire N 
region resulted in a shift of the bulk of the Sup35 to the soluble 
fraction consistent with the non-suppressed phenotype. For each 
of the three Sup35-PrP fusion proteins examined, a significant 

Figure 3. Expression and sub-cellular fractionation of various Sup35-
PrP fusion proteins. (A) Western blot analysis showing the level of 
expression of truncated forms of Sup35 and Sup35-PrP fusions as 
indicated. The equivalent amounts of protein were loaded and an 
anti-yeast Sup35 polyclonal antibody used to detect Sup35/Sup35-PrP 
fusions. The membranes were also probed with an anti-yeast phosh-
phoglycerate kinase (PGK) polyclonal antibody as a loading control. 
(B) Sub-cellular fractionation assay using high speed (100,000x g) 
centrifugation to fractionate total cell lysates (T) into a soluble (S) and 
pelleted (high molecular weight) fraction (P). Each fraction was assayed 
in parallel by SDS-PAGE and western blot analysis with an anti-yeast 
Sup35 polyclonal antibody.
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octarepeats to the Sup35ΔNPrP152 construct resulted in an 
increase in the nonsense suppression phenotype (Fig. 2C) and 

is not required to form the two different types of SDS-resistant 
aggregates produced in these two strains.

Lessons learned from studying the behavior of Sup35-
PrP fusions in yeast. The yeast S. cerevisiae is an increasingly 
popular and tractable model in which to explore the mecha-
nisms which ensure correct protein folding and which negate 
any potentially harmful consequences of protein misfolding. 
In the case of PrP, this disease-associated misfolding is very 
poorly understood at the molecular level and studies in mam-
malian cells suggest that it can occur without direct input 
from any other cellular factors. Nevertheless, molecular facili-
tators of infectious PrPSc formation—both protein and nucleic 
acid in nature—have been reported e.g., RNA.81 Some of the 
Sup35-PrP fusion proteins we describe here clearly have a high 
propensity to misfold and aggregate when expressed in yeast. 
This aggregation does appear to be triggered by endogenous 
prion form of Sup35 as the aggregation continues when cells 
were treated with GdnHCl which eliminates [PSI+] and most 
other endogenous prions. The aggregates formed however 
were quite distinct and depended on the fusion protein being 
evaluated. For example, while a portion of the Sup35ΔNPrP152 
protein took up an aggregated form as judged by sedimenta-
tion analysis, these aggregates were SDS sensitive indicating 
they were probably not amyloid in nature. In contrast the 
Sup35ΔNPrP191 protein did form high molecular weight SDS-
resistant aggregates while the Sup35ΔQPrP152 protein formed 
a distinct and much lower molecular weight SDS-resistant 
aggregate.

The Sup35-PrP fusion proteins used here lacked the N-terminal 
signal sequence that directs PrP into the ER, a requirement for its 
subsequent post-translational modification, especially the forma-
tion of the single disulphide bridge and the addition of sugars 
to residues 180 and 196. It is possible therefore that the SDS-
sensitive aggregates we observed with certain Sup35-PrP fusions 
expressed in the cytoplasm could be due to protein misfolding 
as a consequence of a failure to authentically post-translationally 
modify the protein.

Although the range of constructs we used in our study was 
relatively limited, it was striking that the two Sup35-Prp fusion 
proteins that formed SDS-resistant polymers were those carry-
ing the mouse PrP octarepeat region. This sequence has previ-
ously been reported to be more prone to drive amyloid formation 
than the Sup35-OPR peptide repeats.64,65 However, the weak or 
non-existent suppression phenotype seen in cells expressing the 
Sup35mOPR protein would suggest that the yeast Sup35-OPR 
repeats and the PrP octarepeats are not functionally equiva-
lent—at least in the context of prion propagation in vivo in 
yeast. The behavior of this protein might also suggest that there 
may be sequence features within the Sup35-PrD that act to sup-
press amyloid formation perhaps functioning as so-called gate-
keepers that module protein polymerisation and any associated 
proteotoxicity.82,83

Previous studies have shown that the nature and the num-
ber of oligopeptide repeat units can influence the prion state 
of Sup35 be they native Sup35-OPR repeats84 or introduced 
mouse PrP repeats.64,65 In our study, the addition of the PrP 

Figure 4. Analysis of SDS-resistant Sup35 aggregates by SDD-AGE. 
western blot analysis of SDS-resistant protein aggregates containing 
Sup35 following fractionation of total cell extracts by electrophoresis in 
1% agarose + 0.1% SDS. The locations of the high molecular weight SDS-
resistant polymers and the monomeric form of the proteins are indicted. 
A putative, lower molecular weight SDS-resistant polymer in the ΔQPrP152 
sample is indicated by the white square.

Figure 5. The nonsense suppression phenotype in strains expressing 
the Sup35ΔQPrP152 and Sup35ΔNPrP191 fusion proteins is not dependent 
on Hsp104 function. (A) The suppression of the ade1–14 nonsense allele 
in LJ14-derived strains expressing either the Sup35ΔQPrP152 or the 
Sup35ΔNPrP191 fusion proteins was assessed by plating on to 1/4YPD 
plates. The left parts are for the parent LJ14 strain with a wild-type 
HSP104 gene while the right part are the same strains but carrying a 
hsp104::kanMX disruption of the HSP104 gene. (B) Confirmation of the 
absence of Hsp104 in the hsp104::kanMX strains by western blot analysis 
using an anti-yeast Hsp104 polyclonal antibody. The filter was reprobed 
with an anti-yeast PGK polyclonal antibody as a loading control.
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or genetic means of blocking PrP-mediated aggregation in vivo. 
We have tested a number of compounds including quinacrine 
which has been reported to efficiently inhibit PrP polymerisation 
and PrPSc accumulation in cultured cells,85 but none eliminate 
the nonsense suppression phenotype linked to expression of the 
various Sup35-PrP fusions tested here (Jossé L. and Tuite M.F., 
unpublished results).
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also generated high molecular weight SDS-resistant aggregates 
(Figs. 3B and 4). However, the most likely explanation for the 
change in nonsense suppression phenotype is that the addition 
of the octarepeat region to the protein resulted in a destabiliza-
tion of the protein which in turn resulted in lower steady-state 
levels of soluble, functional Sup35 with a resulting defect in 
translation termination. This raises an important caveat about 
the use of the nonsense suppression assay for such studies since 
the strength of suppression can be greatly influenced simply by 
the relative levels of expression of Sup35 fusions that is unrelated 
to the protein’s propensity to aggregate. In order to establish a 
link between protein aggregation and the observed nonsense 
suppression phenotype requires the identification of a chemical 
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