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ABSTRACT Prions are protein-based infectious entities associated with fatal
brain diseases in animals, but also modify a range of host-cell phenotypes in
the budding yeast, Saccharomyces cerevisiae. Many questions remain about
the evolution and biology of prions. Although several functionally distinct
prion-forming proteins exist in S. cerevisiae, [HET-s] of Podospora anserina is
the only other known fungal prion. Here we investigated prion-like, protein-
based epigenetic transmission in the fission yeast Schizosaccharomyces pom-
be. We show that S. pombe cells can support the formation and maintenance stress.
of the prion form of the S. cerevisiae Sup35 translation factor [PSI'], and that

the formation and propagation of these Sup35 aggregates is inhibited by
guanidine hydrochloride, indicating commonalities in prion propagation ma-

chineries in these evolutionary diverged yeasts. A proteome-wide screen
identified the Ctr4 copper transporter subunit as a putative prion with a pre-

dicted prion-like domain. Overexpression of the ctr4 gene resulted in large

Ctr4 protein aggregates that were both detergent and proteinase-K resistant.

Cells carrying such [CTR"] aggregates showed increased sensitivity to oxidative

stress, and this phenotype could be transmitted to aggregate-free [ctr] cells

by transformation with [CTR'] cell extracts. Moreover, this [CTR'] phenotype

was inherited in a non-Mendelian manner following mating with naive [ctr]

cells, but intriguingly the [CTR’] phenotype was not eliminated by guanidine-
hydrochloride treatment. Thus, Ctr4 exhibits multiple features diagnostic of

other fungal prions and is the first example of a prion in fission yeast. These

findings suggest that transmissible protein-based determinants of traits may

be more widespread among fungi.

Keywords: yeast, prion, protein
aggregation, [PSI+], meiosis, non-
Mendelian segregation, oxidative

INTRODUCTION

Prions were first identified as infectious amyloid forms of
the mammalian protein PrP that can be transmitted from
organism to organism [1]. They were subsequently shown
to exist in two fungal species, Saccharomyces cerevisiae
and Podospora anserina [2] and more recently in plants [3].
Animal prions are typically associated with catastrophic
brain diseases such as Bovine Spongiform Encephalopathy
(BSE), human Creutzfeldt-Jakob Disease (CJD) and a variety
of other transmissible spongiform encephalopathies (TSEs)

OPEN ACCESS | www.microbialcell.com 16

[4, 5]. In each case, these fatal neurodegenerative diseases
are associated with refolding of the soluble form of PrP
(PrPc) into a distinct conformational state designated PrPSc.
The infectious PrPSc conformer can then catalyse the re-
folding of other PrPc molecules into the PrPSc confor-
mation, which over time leads to amyloid fibrils that form
highly ordered aggregates with a characteristic cross B-
sheet conformation [6]. These amyloid forms are also
characteristic of the protein aggregates deposited in the
brains of Alzheimer’s, Parkinson’s, and Huntington’s Dis-
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ease patients. Although the potential for transmission was
initially uncovered for prions, recent studies suggest the
prion-like spread of a number of other amyloid-based pro-
tein aggregates in many neurodegenerative pathologies [7-
12].

In the budding yeast S. cerevisiae there are at least 8
well-established examples of proteins that exhibit prion-
like properties [2, 13-17], and a systematic survey of the
proteome has identified many more potential prion-
forming proteins [18]. The prion phenomenon is therefore
widespread in this yeast species. The most extensively
studied S. cerevisiae prion is [PSI'] that is formed by the
Sup35 protein, an essential translation termination factor
[19-22]. Aside from S. cerevisiae, the only other fungal pri-
on so-far established is the [Het-s] prion of the filamentous
fungus, Podospora anserina [23]. In contrast to their
mammalian counterparts, fungal prions do not generally
kill their host, although there have been reports of prion-
mediated toxicity in S. cerevisiae [24-26]. In most cases,
prions in S. cerevisiae actually confer a selective growth
advantage in a variety of potentially detrimental environ-
ments in both laboratory-bred [20, 22, 27, 28] and non-
domesticated strains [29].

Budding yeast prions share a number of properties with
mammalian prions: they consist of protein aggregates re-
sistant to detergents and proteases, most likely amyloid in
nature; they are transmissible without any direct nucleic
acid involvement; and overexpression of the soluble pro-
tein results in elevated de novo formation of ‘infectious’
prion aggregates [30]. Besides the fungal and animal prions
so far identified and verified, there have also been several
recent reports of prion-like mechanisms in mammalian
cells [31, 32]. In fission yeast, a ‘prion-like state’ has been
reported which allows cells to survive without calnexin and
has been linked to an extrachromosomally-inherited de-
terminant designated [Cin"] [33]. It remains to be estab-
lished whether [Cin"] is a bona fide prion.

The extensive study of S. cerevisiae prions has provided
crucial information on their mode of propagation, cellular
function, and evolution and established prions as a unique
class of protein-based epigenetic elements that can have a
wide variety of impacts on the host [14-17, 20, 22, 29, 34,
35]. These studies have also allowed us to define molecular
features of prions. All bar two of the verified prions of S.
cerevisiae contain a discrete prion-forming domain (PrD), a
region typically rich in GIn and Asn residues and which is
essential for prion formation and continued propagation
[2]. The exceptions lacking a typical PrD are the Mod5 pro-
tein, which confers resistance to antifungal drugs in its
[MOD"] prion state [36] and the Pmal/Std1 proteins that
define the [GAR'] prion [37]. Identification of new fungal
prion-forming proteins in evolutionarily diverged species
can contribute to our understanding of the structure, func-
tion and evolution of prions. Notably, while 2.7% of the
budding yeast proteins are rich in GIln and Asn residues,
only 0.4% and 0.9% of fission yeast and human proteins,
respectively, show this characteristic. This bias raises the
possibility that fission yeast will offer relevant complemen-
tary insight into human prion biology [38].
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Fungal prions require specific proteins - molecular
chaperones - for their propagation during cell division. In
particular, the ATP-driven chaperone Hsp104 is essential
for the continued propagation of prions in S. cerevisiae [39].
Hsp104 breaks aggregates to create additional lower mo-
lecular weight seeds (also known as propagons) for prion
propagation [37]. The chiatropic agent guanidine hydro-
chloride inhibits the ATPase activity of Hsp104 leading to
loss of prions during cell division [40]. Although no
orthologue of Hsp104 has yet been described in mammals,
an orthologue is present in S. pombe but was originally
reported to be unable to substitute for the S. cerevisiae
Hsp104 protein in propagation of the [PSI'] prion in S. cere-
visiae cells [41]. A recent study, however, contradicts this
finding by showing that S. pombe Hsp104 can indeed sub-
stitute for S. cerevisiae Hsp104 and propagate S. cerevisiae
prions [42]. This latter study also showed that SpHsp70
(Ssal and Ssa2) and the Hsp70 nucleotide exchange factor
Fesl can propagate budding yeast prions, suggesting that S.
pombe has all of the chaperone machinery used by S. cere-
visige to propagate the prion form of several proteins. In
neither of these two studies was it established whether
this chaperone machinery also plays a role in propagating
endogenous prions in S. pombe.

In searching for prions in a tractable organism such as S.
pombe, different criteria can be used to indicate whether
or not a specific protein has the ability to form a transmis-
sible prion. These criteria include: (a) overexpression of the
soluble protein results in formation of mitotically transmis-
sible aggregates of that protein; (b) the resulting aggre-
gates can be transmitted to cells lacking the aggregates,
either naturally by cell fusion (e.g. during sexual reproduc-
tion) or experimentally by protein transformation [43]; and
(c) the phenotype associated with acquisition of the aggre-
gated form of the protein is consistent with a loss of func-
tion of the corresponding protein [44].

In evolutionary history, S. pombe separated from S.
cerevisiae over 400 million years ago. Analysing prion be-
haviour in S. pombe could therefore provide a complemen-
tary model system to study the establishment and trans-
mission of infectious amyloids and the evolution of prions
as epigenetic regulators of host cell phenotypes. Yeast-
based models of human amyloidosis have already made
important contributions to our understanding of these
increasingly prevalent diseases [45, 46], but such studies
have also revealed differences between the budding and
fission yeast models. For example, with respect to a-
synuclein amyloids associated with Parkinson’s disease, the
E46K a-synuclein mutant is toxic to S. pombe, but not to S.
cerevisiae [43]. Yet S. pombe has been little exploited in
such studies and there is a paucity of tractable model or-
ganisms to investigate prion biology. Here, we show that S.
pombe not only has the cellular machinery to allow a het-
erologous prion - the [PSI'] prion from S. cerevisiae - to
form and propagate, but also has at least one endogenous
protein that satisfies the key criteria to define prions with
the potential to form a protein-based epigenetic determi-
nant that can impact the phenotype of the host.
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RESULTS

Fission yeast supports formation of the budding yeast
[PSI'] prion

To test whether S. pombe cells can propagate the prion
form of a protein, we first tested whether overexpression
of the NM region (residues 1 - 254) of the S. cerevisiae
Sup35 protein (ScSup35) fused to GFP resulted in the gen-
eration of heritable protein aggregates. Approximately 20%
of cells overexpressing ScSup35 contained either one large
or several smaller fluorescent foci consistent with ScSup35-
GFP aggregation, with the remaining cells showing diffused
cellular fluorescence (Figure 1A). This result is similar to
the behaviour seen when this construct is overexpressed in
S. cerevisiae [PIN'] cells [47]. To establish the dependency
of the observed ScSup35-GFP aggregation and transmission
on Hsp104, cells overexpressing ScSup35-GFP were grown
in the presence of 3 mM guanidine hydrochloride (GdnHCI)
for 35-40 generations. This treatment completely abol-
ished the formation of fluorescent foci with fluorescence
becoming diffused in all cells (Figure 1A), indicating that
the ScSup35-GFP remained soluble. This ‘curing’ effect of
GdnHCl is seen with the majority of prions in S. cerevisiae
[48], because their propagation is absolutely dependent on
Hsp104 activity.

The finding that ScSup35-GFP formed aggregates in S.
pombe cannot be taken as evidence that these aggregates
act as transmissible prions. To test whether the observed
aggregates show such prion-like behaviour and can estab-
lish a [PSI'] state, we co-transformed S. cerevisiae [psi]
cells with the pRS416 yeast-centromere plasmid, together
with an extract prepared from S. pombe cells containing
ScSup35-GFP foci. Among 72 S. cerevisiae Ura® colonies
obtained after transformation, six were confirmed as [PS/']
colonies by a GdnHCI elimination test (Figure 1B; Table 1).
This frequency was similar to the one we obtained by co-
transformation using a non-sonicated S. cerevisiae [PSI']
cell extract into the same [psi] S. cerevisiae cells (Table 1).
Co-transformation with a cell extract prepared from [psi] S.
cerevisiae cells or a S. pombe wild-type cell extract gave no
[PSI'] colonies (Table 1). Moreover, extracts prepared from
S. pombe cells containing ScSup35-GFP aggregates, grown

TABLE 1. Number of [PSI'] Ura" S. cerevisiae colonies after
transformation with cell-free extracts prepared from different
species and strains as indicated.

Cell-free extract source Total l{ra [PSIT]
colonies colonies
Sc [psi] 75 0
Sc [PSI"] 84 7
Sp wild-type 88 0
Sp pREP41-ScSup35-GFP 72 6
Sp PpREP41-ScSup35-GFP, 98 0
GdnHCl treated
Sc: S. cerevisiae; Sp: S. pombe
OPEN ACCESS | www.microbialcell.com 18
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SPCC825.01

A ScSup35in S. pombe

GndHCI Untreated

Untreated

FIGURE 1: Fission yeast can support formation and propagation
of the budding yeast [PSI'] prion. (A) Left: Fluorescent foci in S.
pombe resulting from overexpression of S. cerevisiae Sup35-GFP,
using the medium-strength, regulatable nmt41 promoter under
activating conditions from a high-copy plasmid. This result re-
sembles the patterns seen when ScSup35-GFP is overexpressed
from a high-copy plasmid in S. cerevisiae [47]. Middle: The foci
are absent from cells grown for 35-40 generations in 3 mM guan-
idine hydrochloride (GndHCI). Right: Most GFP-tagged S. pombe
proteins do not show fluorescent foci when overexpressed (see
also [54]); the uncharacterized protein SPCC825.01(predicted
ATPase) serves as an example for such a negative control, show-
ing diffuse cytoplasmic localization. (B) Transformation of S.
pombe cell extract containing ScSup35-GFP aggregates can con-
vert S. cerevisiae [psi] cells (red, streak 1) to [PSI'] cells (white,
streaks 2-4 and 6-8). Streaks 1 and 5 show control [psi] and [PSI']
strains, respectively.

in the presence of 3 mM GdnHCI for at least 30 generations,
gave no [PSI'] transformants (Table 1), suggesting that
inhibition of S. pombe Hsp104 prevents the establishment
of the transmissible ScSup35-GFP aggregates in S. pombe.
These results lead us to conclude that fission yeast con-
tains the molecular machinery required for the formation
of the [PSI'] prion with Hsp104 playing an essential role.

Search for prion candidates in fission yeast

To search for endogenous S. pombe proteins that might
show prion-like features, we compiled a list of 80 candi-
date prions based on two sources: proteins identified by
mass spectrometry to be insoluble and detergent resistant
in [Cin"] cells, and Q/N-rich proteins identified bioinformat-
ically [38]. These candidate proteins were then experimen-
tally tested for prion-like features using a range of assays:
1) overexpression of fluorescently tagged proteins to test
for distinct cellular foci; 2) induction of lasting phenotypes
upon transient protein overexpression with 40 different
environmental and stress conditions being tested; and 3)

Microbial Cell | January 2017 | Vol. 4 No. 1
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inheritance of induced phenotypes in a non-Mendelian
manner. Unfortunately, none of the 80 candidate proteins
showed positive results in all three of these assays and no
protein seemed therefore sufficiently promising to further
pursue.

After these initial attempts leading to negative results,
we applied the PLAAC algorithm that accurately predicts
PrDs based on the extensive sequence and functional data
from S. cerevisiae prion-forming proteins [49]. A PLAAC
screen of the entire fission yeast proteome identified 295
proteins that contained putative PrDs (Supplemental Table
1). Two of these proteins, Fibl and Myol, were included
among the 80 candidate proteins used in the initial screen.
We looked for enriched features among these proteins
using the AnGeli tool [50]. The 295 proteins were strongly
enriched for Ser, Pro, Asp and Thr residues (p ~9.9 x 10%to
0.002) and under-enriched for Lys, Leu, lle and Glu residues
(p ~7.5 x 10™to 0.001). Moreover, these proteins were
enriched for features diagnostic of plasma membrane and
cell surface proteins, including the Pfam domain ‘Ser-Thr-
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rich glycosyl-phosphatidyl-inositol-anchored membrane
family’ (p ~0.0009), GPI anchor surface proteins (p
~0.0007), and the GO cellular component ‘anchored com-
ponent of external side of plasma membrane’ and related
categories (p <0.004).

We performed some initial in vivo tests on 30 proteins
with high PLAAC scores to identify the most promising pri-
on candidates. Following overexpression of the respective
proteins, the cells were subject to a variety of analyses,
including assaying an array of growth phenotypes and were
also screened for the presence of detergent-resistant
forms of the protein using semi-denaturing detergent aga-
rose gel electrophoresis (SDD-AGE).

Ctrd contains predicted prion-forming domain in disor-
dered region

Based on these preliminary analyses, we focused on the
Ctr4d copper transporter protein which contains one strong-
ly predicted 55 amino-acid PrD (residues 55-109), consist-
ing of 10 Asn but no GIn residues (Figure 2A). Notably, this

PrD

5

100 150 200 250 300
Amino acid position

0
0 100 200 300 400 500 600 700
Amino acid position

FIGURE 2: Sequence features of Ctr4 (A) The 289 amino acid Ctr4 protein contains a 55 amino acid prion-forming domain (PrD, red) as pre-
dicted by the PLAAC algorithm [49]. (B) The predicted PrD of Ctr4 (red bar) coincides with the highest predicted unfolded region (disor-
dered, blue curve) according to the DISOPRED3 algorithm [51]. The yellow trace is the location of predicted protein binding sites within
disordered regions. (C) DISOPRED3 predictions of intrinsically disordered regions in two prion-forming proteins of S. cerevisiae, Rnql (left)
and Sup35 (right), together with the locations of the experimentally defined PrDs, as in (B).
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PrD exactly maps onto an intrinsically disordered region of
the protein as predicted by the DISOPRED3 program [51]
which identifies residues likely to be natively unfolded
(Figure 2B). A similar analysis with two established prion-
forming proteins of S. cerevisiae, namely Sup35 and Rnql,
shows that in both cases a predicted highly disordered
region maps to the predicted and functionally defined PrDs
of these proteins (Figure 2C).

Ctr4 forms proteinase-resistant polymers

To establish whether Ctr4d could switch to a transmissible
aggregated state expected for a prion, we first asked
whether overexpression of Ctr4 generated aggregates that

Prion propagation in fission yeast

were resistant to proteinase K (PK) degradation and to
detergents such as sodium dodecyl sulphate (SDS) [52, 53].
Ctrd was overexpressed using the nmt1 promoter driving a
full-length genomic copy of ctr4 fused to YFP, using the
corresponding strain from the S. pombe ORFeome collec-
tion [54]. Unlike for ScSup35-GFP (Figure 1A), overex-
pressed Ctr4-YFP did not form distinct cytoplasmic foci, but
rather localised to the cell periphery, although Ctr4 clusters
and ribbon-like patterns were also evident (Figure 3A; [54]).
This result is in contrast to Ctr4-GFP expressed at lower
levels which localizes more evenly to the cell periphery [55].

We explored whether Ctr4-YFP in these cells existed in
a different conformational state. Hence extracts from ex-

A B wt Ctrd-YFP

0 2 5 0 2 5

PK [kl

YFP
Ctr4-YFP

| Cdc2

0 5

PK [ug]

D RT 95°C
wt Cird-YFP

wt Ctrd-YFP  wt Cir4d-YFP  wt Ctrd-YFP

c wt  Ctrd-YFP
Pellet

Soluble no DS

Pellet

cured

non cured cured non cured

Soluble 2% SDS

E wit Ctrd-YFP hsp104A Ctr4-YFP
0 5 0 5

PK [ug]

YFP

Total

Cdc2

FIGURE 3: Ctr4 exhibits properties consistent with prion formation. (A) Fluorescence micrograph of cells overexpressing Ctr4-YFP, showing
localization and aggregation of Ctr4 at cell periphery. (B) Extracts from wild-type (wt) cells, expressing native Ctr4, and cells overexpressing
Ctr4-YFP, treated without (0) or with 2 or 5 ug proteinase K (PK) were run by SDS-PAGE followed by western blotting using anti-GFP and
anti-Cdc2 antibodies to detect Ctr4 and Cdc2 (loading control), respectively. (C) Dot plots with extracts from wild-type (wt) cells and cells
overexpressing Ctrd-YFP using anti-GFP antibodies to detect YFP. Results for pellet, soluble and total cell fractions are shown as indicated,
both with and without pre-treatment of the nitrocellulose membranes with 2% SDS. Bottom: SDS-PAGE of the same extracts to detect Cdc2
as a loading control. (D) SDD-AGE gels of samples treated at room temperature (RT) and at 95°C, both with and without curing with GdnHClI
as indicated. Overexpressed Ctr4-YFP forms high-molecular weight protein aggregates (right lanes); heat treatment and curing did not abol-
ish the high-molecular weight species of Ctr4, but led to a larger range in aggregate sizes. (E) Extracts from wild-type (wt) cells, cells overex-
pressing Ctr4-YFP and hsp104 deletion cells overexpressing Ctr4-YFP, treated without or with 5 pg PK were run by SDS-PAGE followed by
western blotting using anti-GFP antibody to detect YFP.
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ponentially growing cells overexpressing Ctr4-YFP were
treated with PK as described in Materials and Methods,
followed by western analysis using an anti-GFP antibody.
No or little degradation of Ctr4-YFP by PK was observed in
these cell extracts, while Cdc2, a protein not predicted by
PLAAC to show prion-like features, was fully degraded by
PK (Figure 3B). These findings suggest that Ctr4-YFP was
indeed in an altered conformational state.

The resistance of the overexpressed Ctr4-YFP to SDS
was further assessed using a dot blot assay that has been
widely used to analyse disease-associated amyloids [56].
First, differential centrifugation was used to fractionate
cell-free extracts prepared from cells overexpressing Ctrd-
YFP. The resulting insoluble extract (pellet fraction), to-
gether with the soluble and unfractionated extracts, were
spotted onto nitrocellulose membranes, with or without
treatment with 2% SDS for 10 min at room temperature.
The bulk of the Ctr4-YFP in these strains was detected in
the pellet fraction, and this signal remained strong even
following treatment with 2% SDS (Figure 3C). These data
are consistent with the Ctr4-YFP forming detergent re-
sistant aggregates when overexpressed.

To further explore the nature of the altered conforma-
tional form of Ctr4, we exploited semi-SDD-AGE, a method
commonly used to detect high-molecular weight, deter-
gent resistant prion aggregates in S. cerevisiae [57]. We
analyzed cell extracts from control and Ctr4 overexpressing
cells by SDD-AGE. High-molecular weight protein polymers
were only evident in cells overexpressing Ctr4-YFP, and
these aggregates were resistant to heat treatment at 95°C
(Figure 3D). Taken together, these results show that over-
expression of Ctrd results in proteinase- and detergent-
resistant protein polymers, consistent with Ctr4 being able
to form prion-like structures in vivo.

Hsp104 is not required for the formation or propagation
of Ctr4 aggregates
We next investigated whether the S. pombe orthologue of
Hsp104 (SpHspl104) is necessary for formation and/or
propagation of the Ctr4-YFP aggregates in S. pombe. In
contrast to most budding yeast prions [58], growth of Ctr4-
overexpressing cells in the presence of 3 mM GdnHCI, an
inhibitor of Hsp104 ATPase activity, did not abolish Ctr4
polymer formation as judged by SDD-AGE (Figure 3D). Fur-
thermore, both heat and GdnHCI treatment increased the
size ranges of the Ctr4-YFP aggregates formed (Figure 3D).
These results might reflect that SpHsp104 is resistant to
GdnHCI as has been reported for the C. albicans Hsp104
[59], although the finding that the formation of a heterolo-
gous prion was blocked by GdnHCl treatment suggests
otherwise (Figure 1A). To unequivocally define the role of
SpHsp104, we deleted the hsp104 gene from the Ctr4-YFP
overexpression strain and repeated the test for PK-
resistance of the protein after growing cells for at least 80
generations. Ctr4-YFP remained resistant to PK even in the
absence of Hsp104 (Figure 3E). This finding indicates that
the acquisition of PK-resistant forms of Ctr4-YFP does not
require Hsp104, consistent with the result that GdnHCI did

OPEN ACCESS | www.microbialcell.com 21
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not eliminate Ctr4-YFP aggregation (Figure 3D). These re-
sults therefore suggest that SpHsp104 is not required for
Ctr4-YFP aggregation, and raise the possibility that another
cellular chaperone may be required for the propagation of
the aggregated form of Ctr4-YFP.

Ctrd overexpression results in heritable sensitivity to oxi-
dative stress

Prion-forming proteins in S. cerevisiae impact on a wide
range of phenotypes when they take up their prion form,
often reflecting a loss of function [60]. To investigate
whether the conformational change seen in cells overex-
pressing Ctr4 resulted in an altered phenotype, we assayed
the growth of the overexpression strain under heavy metal,
heat and oxidative stress. While no changes were observed
in response to stresses induced by cobalt and heat shock
for example (data not shown), the strain did show an in-
creased sensitivity to 2 mM hydrogen peroxide, an inducer
of oxidative stress [61].

To quantify the effects of oxidative stress, we first de-
termined the ratio of the maximum growth rates for the
overexpression strain in H,0,vs control medium. This ratio
decreased ~4.5 to 7-fold for cells overexpressing Ctr4 com-
pared to the wild-type cells (Figure 4A), suggesting that
Ctr4d overexpression leads to increased sensitivity to oxida-
tive stress. This phenotype was retained even after the
cells were grown in 3 mM GdnHCI for at least 30 genera-
tions (data not shown). The H,0, sensitivity of cells overex-
pressing Ctr4 was also confirmed by determining the viabil-
ity of exponentially growing cultures exposed to H,0, for
24 h (Figure 4B). In this assay, wild-type cells showed via-
bilities ranging from 74.7-89.7% compared with 62.2-82.0%
for the Ctrd overexpressing cells. Furthermore, serial dilu-
tion spotting assays on agar plates with and without H,0,
also revealed sensitivity to oxidative stress for cells over-
expressing Ctr4 (Figure 5).

The increased sensitivity to oxidative stress upon over-
expression of Ctr4 suggests that Ctr4 is inactivated under
this condition. In S. pombe, high-affinity copper uptake is
carried out by a heteromeric complex of Ctr4 and Ctr5 [62].
We therefore tested whether ctr4A single and ctr4A ctr5A
double mutants also showed sensitivity to oxidative stress.
As ctr4dA mutants grew very slowly on YES medium, we
performed this assay on EMM medium, on which the Ctrd
overexpressing cells grew somewhat slower (Figure 4C,
left). Both the ctr4A single and ctr4A ctr5A double mutants
and the Ctr4 overexpressing cells showed increased sensi-
tivity to oxidative stress compared to wild-type cells (Fig-
ure 4C, right). This result indicates that Ctr4 overexpression
leads to loss of Ctr4 function.

A key property of any prion-mediated phenotype is
that it can be transmitted to naive cells by transfer of the
altered conformational form. We therefore investigated
whether the increased sensitivity to H,0,in cells overex-
pressing Ctr4 was transmissible to other cells using protein
transformation. Cell-free extracts were prepared from
wild-type and Ctr4 overexpressing cells and high molecular
weight ‘insoluble’ fractions of these extracts co-trans-
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FIGURE 4: Ctr4 overexpression leads to H,0, sensitivity which is transmissible by protein transformation. (A) Left, Experiment 1: wild-type
cells were transformed with a cell-free extract from wild-type (wt.1) and Ctr4 overexpressing cells (Ctr4.1-Ctr4.4). For all strains, the ratios
of maximum growth rate in liquid medium with 1 mM H,0,, relative to maximum growth rate in untreated medium, were determined in a
Biolector microfermentor. Data for control wt and Ctr4 overexpression (Ctr4 oe) cells are also shown. Right, Experiment 2: as Experiment 1,
but showing additional, independent transformants with extracts from wild-type (wt.2-wt.6) and Ctr4 overexpressing cells (Ctr4.5-Ctr4.15).
Data for two independent wild-type control (wt) and two independent Ctr4d overexpression (Ctr4d oe) cells are also shown. Strains whose
extracts were used for the protein transformations in the meiosis experiments (Figure 5) are indicated with asterisks. (B) Wild-type cells
were transformed with extracts from wild-type (wt.5, wt.7-wt.10) or Ctr4 overexpressing cells (Ctr4.2. Ctr4.6, Ctr4.11, Ctr4.13, Ctr4.14). Cell
viability after treatment with 0.5 mM H,0; relative to untreated cells was determined for the transformed strains and for control wt and
Ctrd overexpression (Ctr4 oe) strains. Strains whose extracts were used for the protein transformations in the meiosis experiments (Figure
5) are indicated with asterisks. (C) Wild-type (wt), ctr4A single and ctr4A ctr5A double mutants, and Ctr4 overexpressing cells were spotted
in serial dilutions on EMM plates (Control, left) or in equal quantities onto EMM plates containing a gradient of 0 to 2.5 mM H,0, (right).
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formed into wild-type naive cells as described in Materials
and Methods. The growth of eleven independently-derived
transformed colonies in the presence of H,0,was evaluat-
ed alongside a control strain and a strain overexpressing
Ctrd (Figure 4A). Eight out of 15 wild-type colonies trans-
formed with Ctr4 overexpression extracts became more
sensitive to H,0, compared to wild-type colonies trans-
formed with wild-type extracts. Such protein transfor-
mation with S. cerevisiae prions rarely generates >50%
prion transformants [20]. Similar results were obtained
using the viability assay: transformation with extracts from
cells overexpressing Ctr4 typically led to increased sensitiv-
ity to oxidative stress as shown in Figure 4B. Thus, wild-

Control 2mM HZO2

Ctrd oe

wt7.1

wt7.2

wt7.3

wt7.4

w75

e®® coglee®®e

wt9.1

Ctrd 6.4

Prion propagation in fission yeast

type cells transformed with an insoluble fraction of cells
overexpressing Ctr4, which contains high molecular weight
polymers of Ctr4 resistant to SDS and PK (Figure 3), often
become sensitive to H,0,. We therefore conclude that the
phenotype caused by Ctr4 overexpression is transmissible
between cells, consistent with Ctr4 acting as a prion.

Ctrd-dependent sensitivity to oxidative stress is inherited
in a non-Mendelian manner

Yeast prions and other cytoplasmic genetic determinants
are inherited in a non-Mendelian manner during meiosis.
Our finding that the sensitivity to H,0, caused by Ctr4
overexpression can be transmitted to wild-type cells by

Control 2mM HZO2

Ctrd 131

ogle ©@ ©oj|0 eogle o co|®®e O

FIGURE 5: Sensitivity to H,0, due to Ctr4 overexpression is inherited in a non-Mendelian manner. Wild-type (wt) cells transformed with
extract from wild-type or Ctr4 overexpressing cells (indicated with asterisks in Figure 4) were mated with wild-type cells. The four segre-
gants from 10 tetrads involving wild-type transformants and from 12 tetrads involving Ctr4 transformants were spotted in serial dilutions
onto YES plates without (control) and with 2 mM H,0,. Five or six full tetrads from each cross involving the wt.7, wt.9, Ctr4.6, Ctr4.13 trans-
formants were examined. All plates shown have been grown together for the same times and using the same batches of media.
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protein transformation is consistent with this feature. To
directly check for non-Mendelian inheritance, we exam-
ined two strains, designated Ctr4.6 and Ctr4.13 that
showed the sensitivity to H,0, phenotype and two control
strains, wt.7 and wt.9 (Figure 4, asterisks). We mated each
of these four strains with the wild-type strain and dissected
four spores from the resulting tetrads. Each resulting spore
clone was tested for sensitivity to H,0, by serial dilution on
agar plates. Five or six tetrads from each cross were tested
(Figure 5). Analysis of the products of meiosis for both
crosses involving the Ctr4.6 and Ctr4.13 strains revealed an
increased H,0, sensitivity in the majority of tetrads (10 out
of the 12 tetrads examined), resulting in all four spores
showing the H,0, sensitive phenotype. The control strains
largely resulted in spore colonies showing H,0, sensitivities
similar to wild-type (Figure 5). These results show that the
increased sensitivity to oxidative stress due to Ctr4 overex-
pression segregates in a non-Mendelian manner, to all four
spores resulting from a meiotic division. Moreover, the
results confirm that meiotic products that do not contain
the integrated Ctr4-YFP construct, can nevertheless main-
tain the Ctr4-specific phenotype. This finding is expected
for a cytoplasmically-transmitted trait and is characteristic
of prions in budding yeast. We designate this transmissible
element at [CTR'] in keeping with the nomenclature used
for S. cerevisiae prions.

DISCUSSION

Mammalian prions can cause neurodegenerative diseases,
whereas fungal prions can be detrimental, beneficial or
have no apparent impact on the host cell [2, 63, 64]. It is
likely that prions are more widespread than currently ap-
preciated, and that they can act as protein-based epigenet-
ic elements allowing cells to acquire new traits in specific
conditions such as stress. So far, prions have only been
identified in two fungal species (S. cerevisiae, P. anserina)
and in mammals, although there is recent evidence to sug-
gest that they may also exist in plants [3]. Although a pri-
on-like state has been reported in fission yeast that allows
cells to survive in the absence of the essential chaperone
calnexin, the responsible protein(s) that determine this
phenotype remain to be identified [65]. So far no other
prion-like epigenetic determinants have been reported in
fission yeast.

S. pombe, which is only remotely related to S. cere-
visiae, encodes the full repertoire of the molecular chaper-
ones that are required for prion propagation in S. cere-
visiae, and as we show here, can form and propagate the S.
cerevisiae [PSI'] prion. Thus, S. pombe contains the molecu-
lar machinery required for the formation and propagation
of this heterologous prion. On the other hand, a previous
study has shown that expression of the S. pombe Sup35 N-
terminal region fused to the S. cerevisiae C-terminal do-
main of Sup35 does not lead to [PS/'] formation in S. cere-
visiage [66], suggesting that the prion-forming ability of
Sup35 is not conserved in S. pombe or that the prion-
forming domain is not at the N terminus of the protein.
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In a proteome-wide screen, we have identified the S.
pombe Ctr4 protein that, when overexpressed, can form a
heritable, conformationally distinct protein with all of the
required characteristics of a prion that leads to a trait we
have designated as [CTR']. Ctr4 normally functions as a
subunit for a copper transporter complex [62, 67-69], and
deletion of ctr4 has been associated with sensitivity to the
iron chelator ferrozine and to the DNA damaging agents 4-
nitroquinoline N-oxide and hydroxyurea [55, 70].

Ctr4 is predicted to contain a PrD according to the
PLAAC algorithm [49], and this PrD coincides with the high-
est predicted unfolded (disordered) region according to the
DISOPRED3 algorithm [51]. To test the ability of Ctr4 to
switch to and propagate as a prion we applied criteria used
for S. cerevisiae prions. First, overexpression of Ctr4 as an
YFP fusion resulted in Ctr4 clusters and ribbon-like patterns
at the cell periphery, in contrast to Ctr4-GFP expressed at
lower levels which localizes more evenly to the cell periph-
ery [55]. Second, overexpression of Ctr4d resulted in the
formation of pelletable aggregates that were resistant to
exposure to both detergent (SDS) and protease (proteinase
K). Third, overexpression of Ctr4 resulted in a H,0, sensitiv-
ity phenotype that could be transmitted to naive cells by
protein transformation. Fourth, the H,0, sensitivity [CTR]
phenotype was inherited in a non-Mendelian manner dur-
ing meiosis in crosses with naive [ctr] cells, a behaviour
also seen with prions in S. cerevisiae.

Conflicting evidence exists in the literature about the
effectiveness of S. pombe Hspl04 in facilitating budding
yeast prion propagation [41, 42]. We find that GdnHCI
abolished ScSup35 aggregate formation and prion ‘infectiv-
ity’ in S. pombe, suggesting that the S. pombe Hsp104 can
propagate S. cerevisiae [PSI']. On the other hand, S. pombe
Hsp104 was not required for maintenance and propagation
of the [CTR'] prion. This result raises the question that if
Hsp104 is not required for the propagation of [CTR'], what
chaperones are? There is at least one prion in S. cerevisiae
which does not require Hsp104, i.e. [GAR'] which leads to
cellular resistance to glucose-associated repression of al-
ternative carbon sources [37]. In the case of [GAR'], one of
the Hsp70 family of chaperones (Ssal) is absolutely re-
quired for its propagation [37, 71], while members of the
Hsp40 and Hsp70 families are known to contribute to the
propagation of various other yeast prions [72]. It remains
to be established which S. pombe chaperone(s) - if any -
are required to propagate [CTR'] in S. pombe. Notably, a
recent study reports that ~1% of the budding yeast pro-
teins can exert prion-like patterns for inheriting biological
traits; these proteins are non-amyloid but feature large
intrinsically disordered domains, and the transmission of
many of these proteins does not depend on Hsp104 [73,
74].

Why might [CTR"] formation cause sensitivity to oxida-
tive stress? Ctr4d is a high affinity copper transporter, and
copper is an essential co-factor for enzymes involved in
critical cellular processes including protection from oxida-
tive stress [55]. Most prions lead to loss of function for the
corresponding proteins [2], and it is therefore plausible
that the [CTR'] prion compromises the supply of sufficient
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copper which is required for enzymes involved in the oxi-
dative stress response. Consistent with this view, we find
that deletion of ctr4 also leads to increased sensitivity to
oxidative stress.

Among the 295 S. pombe proteins with predicted PrDs,
other promising candidates include Soll, Cyc8 and Sup35,
each of which has a S. cerevisiae orthologue that forms
prions [2]. Several S. pombe nucleoporins similar to the S.
cerevisiae Nup100 prion [75] also contain a PrD. On the
other hand, while there is no direct orthologue of Ctr4 in S.
cerevisiae, neither of the two S. cerevisiae proteins that
share domains with Ctr4, i.e. Ctrl and Ctr3, show any pri-
on-like sequences or properties. Moreover, unlike for S.
pombe Ctr4, a DISOPRED3 analysis [51] did not reveal any
extended stretches of disordered regions for S. cerevisiae
Ctrl or Ctr3 (not shown). It is likely that S. pombe contains
more prion-forming proteins. By further investigating the
biology of prions in fission yeast, we will be able to gain
new insights into prion function, both beneficial and det-
rimental, and their evolution. The Ctr4-based [CTR'] prion
identified here is a first step towards establishing S. pombe
as a model system for this unique form of protein-based
inheritance which may be much more widespread than
suggested by the low number of species in which prions
have been described and studied so far.

MATERIALS AND METHODS

Yeast strains, plasmids, and growth conditions

The S. pombe reference strain of the Bioneer deletion collec-
tion, ED668 h* ade6-M216 ura4-D18 leul-32 [76] was used to
study overexpression of S. cerevisiae Sup35 (using the S. pom-
be nmtl promoter on the pREP41 vector in the absence of
thiamine [77]) and for protein transformations. S. cerevisiae
[PSI'] and [psi] strain derivatives of 74D-694 (MATa adel-14
trp1-289 his3-200 ura3-52 leu2-3,112, [PIN']) were used [48].
The 972 h" S. pombe strain was used for genetic crosses. The
Ctrd-YFP overexpression strain was obtained from the overex-
pression ORFeome library [54]. The SUP35 ORF was amplified
from the [psi] S. cerevisiae strain and cloned into the BamHI
and Smal cloning sites of the pREP41-GFP vector. The hsp104
gene was deleted in S. pombe using the natMX6 cassette [78].
Tetrads were dissected with a Singer MSM 400 micromanipu-
lator. The ctr4A single mutant (h+ his7-366 leul-32 ura4-D18
ade6-M210 ctr4A:ura4+) and ctr4l ctr5A double mutant (h+
his7-366  leul-32 ura4-D18 ade6-M210  ctr4l:urad+
ctr5A:KANr), along with the wild-type control strain FY435 (h+
his7-366 leu1-32 ura4- A18 ade6-M210) were a kind gift from
Dr Simon Labbé.

Yeast extract with supplements (YES) medium was used
for most experiments, except for certain conditions, e.g. to
maintain plasmids in growing cells or to support growth of
ctr4A mutants, where Edinburgh minimal medium (EMM),
with supplements if indicated, was used instead. For oxida-
tive-stress sensitivity assays, we spotted 5-fold serial dilutions
of 2 x 10° cells onto EMM plates (control) and spotted 2 x 10°
cells across EMM plates containing 0 to 2.5 mM H,0,, ob-
tained by combining slanted EMM agar and EMM agar plus 2.5
mM H,0, (Figure 4C; all these EMM media contained adenine,
uracil, leucine and histidine supplements), or spotted four 10-
fold serial dilutions (ODgg 1, 0.1, 0.01, 0.001) onto YES plates
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with or without 2 mM H,0, (Figure 5). Alternatively, growth
was monitored in a Biolector microfermentor as previously
described [79], using 1 mM H,0, and exponential phase cul-
tures set to ODgyy ~0.15 at the start of the experiment (Figure
4A). Viability was determined after exponential phase cultures
were diluted to ODgyy 0.003, with or without adding H,0, to
0.5 mM; after incubation for 24 h at 32°C, cells were plated
onto YES agar (Figure 4B). To eliminate prions, single colonies
were successively streaked onto three subsequent YES plates
containing 3 mM GdnHCI. Single colonies were then picked
from the last plate for experimental analyses.

Protein analyses

Protein extraction and subcellular fractionation were per-
formed as described previously [58], with some modifications.
Exponential phase cultures (40 ml) were centrifuged at 4000
rpm for 3 min to collect cell pellets which were washed once
in 1 ml lysis buffer containing 10 mM potassium buffer pH 7.5,
250 mM NaCl, 2 mM PMSF, 1 tablet/10 ml mini protease in-
hibitor cocktail (Roche). Cell pellets were re-suspended in 400
ul of lysis buffer, and 50 pl glass beads (0.5 mm, Sigma) were
added to break cells in a bead beater for five 40 sec cycles
with samples being left on ice for 2 min between cycles. Cell
debris was removed by centrifugation at 5000 rpm for 5 min
at 4°C, and the supernatant (‘total protein extract’) was centri-
fuged at 20,000 x g for 45 min to separate soluble from insol-
uble fractions. The pellets were then re-suspended in 60 pl of
lysis buffer (‘insoluble fraction’) for dot blot analysis (5 ul spot-
ted on to nitrocellulose membrane) and for protein transfor-
mations (20 ul used). For proteinase K (PK) treatment, 2 or 5
ug of PK was added to 30 pl of total protein extract and incu-
bated at 37°C for 30 min. To terminate the PK reaction, 5 mM
of PMSF was added, and samples were run on SDS-PAGE for
western blotting using standard protocols. Analysis of Ctr4
aggregates by SDD-AGE was performed as described before
[57]. For all western blots, an anti-GFP antibody (Santa Cruz
Biotechnology) was used at 1:2000 and an anti-Cdc2 antibody
(Sigma) at 1:5000, incubating overnight at 4°C, followed by
incubation with anti-rabbit or anti-mouse antibodies (Abcam),
respectively, at 1:5000 for 1 h at room temperature.

Protein transformation

For transformation of proteins into fission or budding yeast, a
standard protocol was used [80], and 20 pl of insoluble pro-
tein fraction was prepared as described above, containing
0.025 units/ul benzonase to digest any nucleic acids present in
the sample. Then, 20 ml of exponential phase cell cultures
were centrifuged, the cell pellets were washed and resus-
pended in 1 ml of 0.1 M lithium acetate (LiAc). For each trans-
formation, we used 100 pl of cells, adding 260 pl of 40%
PEG/0.1 M LiAc mix, 20 ul of insoluble cell extract prepared as
above, and the pRS416 [81] and pREP42 [77] plasmids for S.
cerevisiae and S. pombe, respectively. This transformation mix
was incubated at 30°C for 1 h, after which 43 ul of pre-
warmed DMSO was added, followed by heat shock at 42°C for
5 min. Pellets were collected and washed once in 1 ml of ster-
ile water, re-suspended in 500 pl of sterile water, and 250 pl
of cells were then plated on EMM agar selective medium.
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