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ABSTRACT Multiple prion elements, which are transmitted as heritable protein conformations and often linked to distinct phenotypes,
have been identified in the budding yeast, Saccharomyces cerevisiae. It has been shown that overproduction of a prion protein Swi'1
can promote the de novo conversion of another yeast prion [PS/*] when Sup35 is co-overproduced. However, the mechanism un-
derlying this Pin* ([PSI*] inducible) activity is not clear. Moreover, how the Swil prion ([SWI*]) interacts with other yeast prions is
unknown. Here, we demonstrate that the Pin* activity associated with Swi1 overproduction is independent of Rng1 expression or
[PIN*] conversion. We also show that [SWI*] enhances the appearance of [PSI*] and [PIN*]. However, [SWI*] significantly compromises
the Pin* activity of [PIN*] when they coexist. We further demonstrate that a single yeast cell can harbor three prions, [PSI], [PIN*], and
[SWHH], simultaneously. However, under this condition, [SWI*] is significantly destabilized. While the propensity to aggregate underlies
prionogenesis, Swil and Rng1 aggregates resulting from overproduction are usually nonheritable. Conversely, prion protein aggre-
gates formed in nonoverexpressing conditions or induced by preexisting prion(s) are more prionogenic. For [PSH] and [PIN*] de novo
formation, heterologous “facilitators,” such as preexisting [SW/I*] aggregates, colocalize only with the newly formed ring-/rod-shaped
Sup35 or Rng1 aggregates, but not with the dot-shaped mature prion aggregates. Their colocalization frequency is coordinated with
their prion inducibility, indicating that prion—prion interactions mainly occur at the early initiation stage. Our results provide supportive

evidence for the cross-seeding model of prionogenesis and highlight a complex interaction network among prions in yeast.

RIONS are host proteins with altered and infectious con-

formations. In mammals, all subtypes of prion diseases
are associated with conformational changes of a single protein,
prion protein (PrP) (Prusiner 1998). One unique property of
PrP is its ability to exist as multiple stable conformations:
a normal cellular conformation (PrP¢) and abnormal patho-
genic conformations (PrP5¢) that manifest as a group of fatal
neurodegenerative diseases known as transmissible spongi-
form encephalopathies or prion diseases (Prusiner 1998;
Collinge and Clarke 2007; Weissmann 2009). Interestingly,
a number of prions have also been discovered in Saccharomy-
ces cerevisiae, among which are [PSI*] (Cox 1965), [URE3]
(Lacroute 1971; Wickner 1994), [PIN*] (or [RNQ']) (Derkatch
et al. 1997; Sondheimer and Lindquist 2000), [SWI*] (Du
et al. 2008), [OCT*] (Patel et al. 2009), [MOT3] (Alberti
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et al. 2009), [ISP*] (Rogoza et al. 2010), [MOD*] (Suzuki
et al. 2012), and [NUP100*] (Halfmann et al. 2012), and
their corresponding protein determinants are Sup35, Ure2,
Rnql, Swil, Cyc8, Mot3, Sfpl, Mod5, and Nup100, respec-
tively. Similar to PrPS¢, these yeast prions are transmitted as
altered protein conformations. Importantly, yeast prion pro-
teins have diverse cellular functions and do not share signif-
icant sequence similarities with PrP (Crow and Li 2011; Li
and Kowal 2012). Except for the newly identified Mod5, all of
the above-mentioned yeast prion proteins contain a region
that is highly rich in glutamine (Q) and/or asparagine (N)
residues and is essential for prion formation and propagation
(Alberti et al. 2009; Crow and Li 2011). These Q/N-rich re-
gions are referred to as prion domains (PrD). Similar to PrP5¢,
yeast PrDs purified from an Escherichea coli recombinant
source can form amyloid fibrils in vitro. Upon incubation with
naive cells, these test-tube assembled amyloid fibrils can be
incorporated into yeast cells and serve as seeds for prion
propagation (King and Diaz-Avalos 2004; Tanaka et al
2004; Brachmann et al. 2005; Patel and Liebman 2007; Alberti
et al. 2009; Du et al. 2010). Collectively, these data provide
convincing evidence supporting the protein-only prion concept
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and demonstrating that amyloid architecture is the structural
basis of prion-mediated infectivity.

The existence of multiple prion elements in yeast has
made this unicellular organism an ideal system to study
prion—prion interactions. The earliest work in this line of
research is an investigation identifying the cellular factors
required for [PSI*] de novo formation (Derkatch et al.
1997). The spontaneous conversion from [psi~] to [PSI*]
is a rare event with an approximate frequency of ~5.8 X
1077 (Lund and Cox 1981; Chernoff et al. 1999; Allen
et al. 2007; Lancaster et al. 2010). However, overproduction
of Sup35 in the presence of [PIN*] dramatically increases
[PSI*] de novo formation (Chernoff et al. 1993; Derkatch
et al. 1996, 1997). Intriguingly, [PIN*] is required only for
the de novo formation of [PSI*] but not for its propagation
(Derkatch et al. 2000, 2001). Once [PSI*] is established, it
can stably propagate in the absence of [PIN*]. In addition
to [PIN*], presence of [URE3] or [NU*]—a prion form of
the fusion protein New1PrD-Sup35MC—can also promote
[PSI*] formation (Derkatch et al. 2001; Osherovich and
Weissman 2001). In addition to prions, other events, for
example, overproduction of one of several Q/N-rich yeast
prion proteins, such as Ure2, Swil, Cyc8, or New1, can also
enhance [PSI*] de novo when Sup35 or its PrD is co-over-
produced (Derkatch et al. 2001). Intriguingly, overproduc-
tion of Mod5, a non-Q/N-rich protein, can also substitute
[PINT] to facilitate [PSI™] conversion (Suzuki et al. 2012).
In addition, such a [PSI*]-promoting phenotype (termed
Pint) can also be achieved by overproduction of some
non-prion Q-rich proteins, such as the poly(Q)-containing
domain of huntingtin (Q74 and Q103) (Derkatch et al.
2004). Although most reported prion—prion interactions
are mutually promoting, antagonistic prion—prion interac-
tions have also been reported. For example, the presence
of [PSI*] can inhibit the de novo appearance of [URE3]
(Bradley et al. 2002), and [URE3] can destabilize [PSI*]
when they coexist (Schwimmer and Masison 2002). An an-
tagonistic effect of [PIN*] on [PSI*] propagation has also
been reported (Bradley and Liebman 2003). Although prion
variants have been implied to be responsible for some of
these contradictory observations, the underlying mechanisms
of the complex prion interactions remain unclear.

We previously identified Swil, a subunit of the evolution-
arily conserved and ATP-dependent chromatin-remodeling
complex—SWI/SNF, as a prion protein that can change con-
formation to become a prion termed [SWIT] (Du et al
2008). Several noteworthy features of the [SWI*] prion
have been reported: [SWI*] causes a knockdown phenotype
of SWI/SNF; the propagation of [SWI*] is highly sensitive to
the alteration of Hsp70 activities (Hines and Craig 2011;
Hines et al. 2011); a Swil amino-terminal region with
<40 amino acid residues that is Q free but N rich is sufficient
to support [SWIt] propagation when fused to GFP (Crow
et al. 2011); overproduction of Swil can function as a Pin*
factor to facilitate [PSI*] de novo formation (Derkatch et al.
2001; Du et al. 2008), and amyloid architecture is the struc-
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tural basis of [SWI*] (Du et al. 2010). It is of importance to
examine how [SWI*] interacts with other yeast prions, and
we thus undertook this investigation. We have characterized
the Pin* features associated with Swil overproduction and
[SWIt]. We also extended our study to examine how the
non-prion and prion forms of Swil interact with Sup35 and
Rnql during the de novo formation and maturation pro-
cesses of [PSI*] and [PIN*].

Materials and Methods
Plasmids and primers

The plasmids used in this study are listed in Table 1. To
construct the plasmid p304RNQICFP, the RNQI1 promoter
(1.0-kb fragment upstream of the RNQI open reading
frame) was amplified by PCR with a primer pair of Rnq1-
up (CCGGGGTACCGTTCGAGCTCCAATTGTTGC) and Rnql-
dn (GCGCGGATCCACTAGTTTCAGATCTTTGCTATACG) from
a 74D-694 strain, which was used to replace the GPD pro-
moter of p304GPD-RNQICFP (Crow et al. 2011) through the
Sacl/Spel sites. Plasmid p426GAL1-GFP was constructed by
inserting the 0.75-kb GFP fragment from p426GPD-GFP (Du
et al. 2008) to p426GAL1 (ATCC) through Spel and Xhol sites.
Plasmid pRS413CUP1-NM was generated by deleting the 0.6-kb
GFP fragment of pRS413CUP1-NMGFP with Sacl/Sacll followed
by blunt ending with T4 DNA polymerase and self-ligation.
Constructs of pRS413CUPI1-NMCFP and pRS316CUP1-NMCFP
were created by replacing the NVIGFP fragment of pRS413CUP1—
NMGFP and pCUP1-NMGFP with the NMCFP fragment of
pPD30.38-NMCFP (K. W. Park and L. Li, unpublished data)
through Sacll/Sacl digestion. Similarly, pRS413CUP1-NMYFP
and pRS316CUP1-NMYFP were constructed by replacing the
NMGFP fragment of pRS413CUP1-NMGFP and pCUP1-NMGFP
with the NMYFP fragment of pPD30.38-NMYFP (Nussbaum-
Krammer et al. 2013) upon Sacll/Sacl digestion. Plasmid
p426GAL1-SWI1 was created by cloning the SWI1 fragment
from p416TEF-SWI1 (Du et al. 2008) into p426GAL1 (from
ATCC) through Spel/Xhol. Plasmid p426GAL1-SWIIYFP,
p416GPD-SWI1YFP, and p426GPD-SWI1YFP were gener-
ated by subcloning the SWI1-YFP fragment from p416TEF-
SWIIYFP into p426GAL1, p416GPD, and p426GPD (ATCC),
respectively, through the Spel/Xhol sites. Plasmid p413TEF-
NQYFP was made by subcloning the SWI1-NQ-YFP fragment
of the p416TEF-NQYFP into p413TEF (ATCC) through the
sites of Spel/Xhol.

Yeast strains and media

Most yeast strains used in this study are derivatives of MATa
74D-694 (Chernoff et al. 1995) and have been previously
described (Park et al. 2006; Fan et al. 2007; Du et al. 2008)
except the RNQI-CFP integrated strains. To generate RNQI—
CFP-integrated strains, plasmids of p304RNQ1CFP, p304TEF-
RNQICEFP, or p304GPD-RNQI1CFP were linearized by HindIII
and introduced into the TRPI locus of various 74D-694
strains by transformation. Successful integration was initially
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Table 1 Plasmids used in this study

Plasmid Auxotrophic marker Origin Promoter Source
P304GPD-RNQ1CFP TRP1 N/A GPD Crow et al. (2011)
pP304RNQ1CFP TRP1 N/A RNQ1 This study
P304TEF-RNQ1CFP TRP1 N/A TEF1 Crow et al. (2011)
p413TEF-NQYFP HIS3 CEN TEF1 This study
p416GPD-SWITYFP URA3 CEN GPD This study
p416GPD-ure2NPDGFP URA3 CEN GPD Lindquist lab
p416TEF-GFP URA3 CEN TEF1 Du et al. (2010)
p416TEF-NQYFP URA3 CEN TEF1 Du et al. (2010)
p416TEF-SWIT URA3 CEN TEF1 Du et al. (2008)
p416TEF-SWITYFP URA3 CEN TEF1 This study
426GALT-SWITYFP URA3 21 GALT This study
p426GALT-SWIT URA3 2 GALT This study
p426GAL1-GFP URA3 21 GALT This study
p426GPD-GFP URA3 2 GPD Du et al. (2008)
p426GPD-Q103GFP URA3 2u GPD Lindquist lab
p426GPD-SWIT URA3 2u GPD Du et al. (2008)
0426GPD-SWI1YEP URA3 21 GPD This study
pCUPT-GFP URA3 CEN CUP1 Lindquist lab
pCUPT-NMGFP URA3 CEN CUP1 Park et al. (2006)
pCUPT-RNQ1GFP URA3 CEN CupP1 Sondheimer and Lindquist (2000)
pCUPT-YFP URA3 CEN CcupP1 Lindquist lab
PRS316CUPT-NMCFP URA3 CEN CcupP1 This study
PRS316CUPT-NMYFP URA3 CEN CUP1 This study
PRS316CUPT-RNQT1CFP URA3 CEN CUP1 Crow et al. (2011)
PRS413CUPT-GFP HIS3 CEN CUP1 Lindquist lab
PRS413CUPT-NM HIS3 CEN CuP1 This study
PRS413CUPT-NMCFP HIS3 CEN CUP1 This study
PRS413CUPT-NMGFP HIS3 CEN CuP1 Lindquist lab
PRS413CUPT-NMYFP HIS3 CEN CUP1 This study

tested by the Trp* phenotype and then confirmed by the
presence of CFP signals in a fluorescence microscopic assay.
The BY4741 SWI1-GFP-tagged strain is from ATCC. Standard
YPD or synthetic complete (SC) media with different auxo-
trophic dropouts of amino acids were used based on the
requirements of the strain. To activate the CUP1 promoter,
100 pM CuSO, was supplemented in liquid media or SC agar
plates unless specified. The raffinose media used for assaying
the prion phenotype of [SWI*] was described previously (Du
et al. 2008). For GAL1 promoter, log-phase cultures in liquid
media using sucrose as the carbon source were supplemented
with 2% galactose to induce the expression. Yeast strains
were grown at 30° unless specified. If a growth time was
longer than 24 hr, yeast cultures were refreshed with fresh
media every 24 hr.

General fluorescence microscopic assays

GFP, YFP, and CFP fusions of Swil, Sup35NM, and Rnql
were expressed either ectopically or from a chromosomal
locus. Fluorescence microscopic assays were carried out
similarly to that described previously (Du et al. 2008).
Mid-log-phase cultures were either directly used for fluo-
rescence assay or spread to agar plates for colony purifica-
tion. Individual colonies were directly used for fluorescence
assay after suspended in water in some experiments or
cultured in liquid media prior to fluorescence microscopic
observations.

[PSF*] induction and spontaneous [PSI*]
conversion experiments

[PSI*] induction experiments were conducted as described
previously with minor modifications (Fan et al. 2007; Du
et al. 2008). Briefly, SUP35NM-YFP, —-GFP, or —CFP was over-
produced ectopically from a cen-plasmid driven by the CUPI
promoter in a [psi~] 74D-694 strain upon supplementing
the culture medium with CuSO,4 when the culture reached
the mid-log phase. The induction time was usually 48 hr.
Following induction, equal number of cells of different treat-
ments were spotted or spread onto SC-ade and SC plates
after proper dilutions. For spotting assays, pictures were
usually taken after 5-10 days of incubation on SC-ade
plates but 3 days of growth on SC and YPD plates. Ade*
isolates were usually examined by up to three times of
streaking or replica plating onto 5 mM guanidine hydrochlo-
ride (GdnHCI)-containing plates and subsequent growth on
YPD and/or SC-ade plates to judge their curability. For
spontaneous [PSI*] conversion assay, cells were typically
grown in YPD medium and spread on SC and SC-ade plates
after counting cell density and proper dilutions. Only the
isolates whose colony color changes from white to red on
YPD plate and accompanied by loss of growth in SC-ade
upon 5 mM GdnCl treatment were scored as [PSI*].

To create isogenic strains of [SWIT][PIN*] and [swi~]
[PIN*] that carry no TEF1-RNQI-CFP integration, a [SWI*]
[pin~] strain harboring the plasmid pCUPI-RNQIGFP was
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streaked onto a SC-ura plate and incubated at 4° for 2 weeks.
Colonies were then combined and spread onto SC-ura plates
supplemented with 50 pM Cu?*. Individual colonies were
then examined for their Rnql-GFP fluorescence patterns
and those with Rnq1-GFP aggregation were further spread
onto SC-ura plates containing 50 uM Cu?* and their Rnq1-
GFP aggregation status was reexamined. Such traces for
Rnql-GFP aggregation were continued up to three times
and those isolates containing stably inherited Rnql-GFP
aggregates were scored as [PIN']. To create isogenic pairs
of [swi~][PIN*] and [SWIT][PIN'] strains, several newly
obtained [SWIT][PIN*'] isolates from a single isolate of
[SWI*][pin~] described above were screened for spontane-
ous loss of [SWIt] (Raf- — Raf*). The plasmid pCUP1-
RNQIGFP was then eliminated by 5-FOA counter selection.
The plasmid p416TEF1-NQYFP was then reintroduced to ver-
ify their Swil prion status (Du et al. 2010). Those obtained
isogenic pairs of [SWIT][PIN*] and [swi~][PIN*] strains car-
rying no TEF1-RNQI-CFP integration were then compared for
their Pin™ activities.

[PIN+] conversion and inheritability of Rnq1 aggregates

In this set of experiments, either the chromosomal TEFI—
RNQI-CFP or plasmid pCUPI-RNQI1GFP was used to report
the Rnql aggregation status. With the chromosomal TEFI-
RNQI-CFP reporter, the Rnql aggregation status was exam-
ined using cells directly from plates or after cultured in liquid
media. Copper was supplemented to induce RNQI-GFP ex-
pression for cells harboring pCUP1IRNQIGFP. Only isolates
that stably transmitted Rnql-CFP/GFP aggregates were
scored as [PIN']. To investigate the effects of [PSI*] and
[SWIT] on [PIN*] de novo formation, we first carried out
[PSI*] induction experiments in TEFI-RNQI1-CFP integrated
[pin~—] strains upon Swil overproduction or in the presence of
[SWI*]. The acquired Ade™ colonies were either directly in-
vestigated for Rnql aggregation state or done so after all
plasmids were eliminated and the [PSI*] isolates were stabi-
lized and verified. The stabilized [PSI*][pin—] isolates with-
out plasmids were then selected to test if [PSIT] was able to
induce [PIN*] appearance with a method described previ-
ously (Derkatch et al. 2001). Similarly, isogenic pairs of
[SWI*] and [swi~] strains carrying an integrated copy of
TEF1-RNQI-CFP were compared for their capacities in promot-
ing [PIN*] conversion. To verify that the [PIN*]-promoting
activity of [SWIT] was independent of the chromosomal
TEF1-RNQI1-CFP, the plasmid reporter pCUPIRNQI1GFP was
also used to monitor the [PIN*] conversion in nonintegrated
[SWI*] and [swi™] strains upon growth and incubation, using
a method similar to that described previously (Derkatch et al.
2001). To test the inheritability of RnqlCFP aggregates
formed upon Swil overproduction, a non-prion strain
with TEF1-RNQI-CFP integration was transformed with
p426GAL1-SWI1 or an empty vector. Rnq1-CFP aggregates
were examined at indicated time points after galactose ad-
dition. The aggregate-carrying isolates were selected and
spread onto YPD plates to form individual colonies after
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dilution. Their Rnq1-CFP fluorescence patterns were then ex-
amined and traced for inheritability. To investigate the inher-
itability of Rnql-GFP aggregates formed upon different
expression levels of Rnq1-GFP in the presence and absence
of [PSI*], isogenic [psi~][pin~1, [PSI*][pin~], and [psi~]
[PIN*] strains containing pCUP1-RNQIGFP were spread to
SC-ura plates that were supplemented with or without 100
M CuSO,. After 3 days of growth at 30°, plates were trans-
ferred to 4° for up to 30 days. To check the Rnql status, at
each indicated time point, at least 10 colonies were mixed,
inoculated into liquid SC-ura medium, and cultured to log
phase prior to adding CuSO, to a final concentration of 50
pM. After 2-6 hr of induction, Rnq1-GFP aggregation fre-
quency was examined. To investigate the inheritability of
Rnq1-GFP aggregates, the mixed colonies upon 14 days of
incubation at 4° were diluted and spread onto SC-ura plates
containing 50 uM Cu?* to give rise to single colonies. The
resulting individual colonies were subsequently assayed for
Rnql-GFP aggregation. The Rnq1-GFP aggregate-carrying
colonies were spread or streaked onto fresh SC-ura or SC-
ura/ Cu?* plates and the inheritability of the aggregates were
examined. Only those successfully transmitted Rnql aggre-
gates to progeny, which was comparable to a [PIN*] strain,
were scored as heritable Rnq1GFP aggregates ([PIN*]).

Aggregation and inheritability of Swil aggregates

Plasmid-based TEFI-SWIINQ-YFP constructs were used as
reporters for [SWIT] in this study as described previously
(Du et al. 2010). To express SWI1-YFP ectopically at different
levels, cen-TEF1, cen-GPD, 2u~GPD, and 2u—~GALI promoter
were used. Swil-YFP aggregation was assayed and the inher-
itability of Swil-YFP was examined upon multiple times of
passages on SC-selective plates with glucose (for 2u—GPD) or
raffinose/galactose (for 2u—GAL1) as carbon sources/inducer.
Liquid cultures were also used to verify some of the results. For
fluorescence-activated cell sorting (FACS) analysis, a BY4741
SWI1-GFP-tagged strain was transformed with p426GALI-
SWII or p426GAL and the Swil-GFP aggregation was exam-
ined after overnight (~16 hr) induction. Prior to sorting, cells
were collected, diluted into glucose-containing SC-ura me-
dium to stop the SWII overexpression from the GALI pro-
moter. The cell sorting was conducted in the Robert H. Lurie
Comprehensive Cancer Center Flow Cytometry Core Facility at
Northwestern University. The sorted cells harboring Swil-GFP
aggregates produced by endogenously tagged Swil-GFP was
verified by fluorescence microscopy and then spread onto
SC-ura plates for further growth. Swil-GFP aggregates
were subsequently traced for their inheritability as described
above upon passaging in the presence of glucose to turn off
the GALI promoter. To get heritable Swil-GFP aggregates
([SWI*] candidates), many rounds of colony purification in
combination with fluorescence assay were conducted.

Centrifugation assay

Overnight cultures of cells grown in YPD were diluted into
fresh YPD with a density of ~10° cells/ml. After growing for
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additional 6 hr, cells were harvested. Spheroplasts were pre-
pared, lysed, and centrifuged as described (Sondheimer and
Lindquist 2000). Total lysate, soluble, and pellet fractions
were analyzed by 10% SDS-PAGE followed by immunoblot
analysis using a polyclonal anti-Rnql antibody, a gift from
the Lindquist laboratory.

Results

SWI1 overexpression is a Pin* factor independent
of Rnq1

It was previously reported that overproduction of Swil
could promote the de novo appearance of [PSI*] in [pin~]
cells (Derkatch et al. 2001; Du et al. 2008). A few Q/N-rich
proteins were recently shown to be able to promote [PSI*]
conversion in rnqlA strains when overproduced (Chernova
etal. 2011; Yang et al. 2013). To test if Swil overproduction
can also promote [PSI*] conversion in the absence of Rnql,
we carried out [PSI*] induction experiments in isogenic
[psi—1[pin—] and [psi~] rnqlA strains by co-overproducing
Sup35NM-GFP and Swil. As demonstrated in Figure 1A and
Supporting Information, Figure S1, overproduction of Swil
was able to promote de novo [PSI*] formation in both strains
with comparable efficiencies. Similar results were also
obtained for Ure2,_¢s—GFP, a GFP fusion of Ure2 prion do-
main, and Q103-GFP (Figure 1A and Figure S1). Quantita-
tive spreading assay showed that the Pin*t activities
conferred by overproductions of the three proteins were
similarly low (0.05-0.15%) in both [pin~] and rnqlA cells,
which was ~100-fold lower than that conferred by [PIN*]
under identical experimental conditions (Figure 1A). These
results indicated that the overproduction of Swil, Ure2;_gs—
GFP, and Q103-GFP are weak Pin™ factors compared to
[PIN*] and their Pin* activities do not rely on Rnq1l protein
or [PIN*] conversion.

We further found that spontaneous [PSI*] conversion
could also rarely occur in rnqlA cells even without Sup35
overproduction (Figure S1B, right). Similar to [PSI*] iso-
lates derived from a wild-type strain, [PSI*] populations
derived from an isogenic rnglA strain included variants
ranging from very strong to very weak, as judged by their
distinct colors on YPD plates as well as different degrees of
curing difficulty upon 5 mM GdnHCI treatment (Figure
S1B). Earlier research has demonstrated that Sup35NM-
GFP overproduction in [PIN*][psi~] cells can form aggre-
gates that are ring and rod shaped (Zhou et al. 2001). These
ring-/rod-shaped aggregates are usually formed in the initial
phase of de novo [PSI*] formation and can subsequently be
transformed into dot-like patterns that are indicatives of
maturation or stabilization of [PSI*] (Zhou et al. 2001;
Ganusova et al. 2006; Mathur et al. 2010; Tyedmers et al.
2010; Manogaran et al. 2011). We observed similar ring-/
rod-shaped Sup35NM-GFP aggregates in both [psi~][pin~]
and [psi~] rnql1A cells after 12 hr of induction of Sup35NM-
GFP production (Figure S2, A and B). When [PSI*] isolates
were stabilized upon passage after removal of the SWII

expression plasmid, Sup35NM-GFP aggregates became
mostly dot shaped (Figure S2C). Similar results were
obtained for Ure2;_¢5s—GFP and Q103-GFP overproduction
(Figure S2, B and C). These results indicated that the newly
formed and stabilized [PSI*] aggregates have distinct pat-
terns whose formation does not depend on the presence of
Rnql.

To further examine the Rnql independence of Pin™ ac-
tivity associated with SWII overexpression, we needed a re-
porter system that could conveniently and faithfully record
the aggregation status of Rnql during the [PSI*] de novo
formation and maturation process. We constructed and com-
pared three integrative RNQI-CFP plasmids whose expres-
sions were driven by GPD, TEF1, and RNQI promoters,
respectively. When they were integrated in the TRPI locus
and expressed in [PIN*], [pin~], and rnqIA strains, TEF1—
RNQI-CFP produced the most optimal results for such
a purpose in terms of faithfulness and robustness of the
Rnq1-CFP signal (Figure 1B). Similar to a previous report
(Vitrenko et al. 2007), we found that the Rnq1-CFP signals
obtained under the native RNQI promoter were too weak to
give a clear result and could be rapidly bleached during
microscopic observation whereas the Rnql-CFP signals
driven by the GPD promoter were too strong to give a distinct
outcome. With the commonly used cen-plasmid pCUPI-
RNQI-GFP, only ~50-70% of [PIN*] cells showed Rnql
aggregates. In comparison, TEFI-RNQI-CFP strain showed
an aggregation rate of ~100% in [PIN*] cells and the Rnq1-
CFP signals are robust and clear (Figure 1B); we thus used
the TEF-RNQ1-CFP construct for the rest of our studies. The
TEF1-RNQI-CFP integration has no detectable effect on
yeast fitness (data not shown). Under identical experimental
conditions, the integrated TEFI-RNQI-CFP strains of
[PIN*], [pin—]1, and rnqlA gave similar Pin* activities
to that of nonintegrated strains upon co-overproduction
of Sup35NM-GFP and Swil (data not shown). Most newly
obtained [PSI*] isolates upon Sup35 and Swil co-overproduction
showed diffuse Rnql-CFP signals, indicating that they
retained their [pin—] status (Figure S3A). Only ~6% of
the [PSI*] isolates harbored stably inherited Rnql-CFP
aggregates, indicative of [PIN']. Taken together, these
results indicate that Swil overproduction is a weak Pin™*
factor whose activity can be independent of Rnq1 or [PIN*]
conversion.

[SWF] can facilitate [PSI*] conversion but weaken the
Pin* function of [PIN*]

It has been shown that like [PIN*], [URE3] can also function
as a Pin™ factor to promote [PSI*] de novo formation in [pin~]
cells (Derkatch et al. 2001). To examine if [SWI*] could also
have a Pin* function, we conducted [PSI*] induction experi-
ments by overexpressing SUP35NM-GFP in a pair of isogenic
strains of [SWI*][pin~1[psi~] ([SWI*]) and [swi~][pin~]
[psi~] (non-prion). As shown in Figure 1C, [SWI*] signifi-
cantly increased the frequency of [PSI*] appearance, indicat-
ing that [SWI'] can function as a Pin* factor We also
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observed that Sup35NM-GFP aggregation could be facilitated
by [SWI*], which initially appeared as ring/rods and pro-
cessed to become dots once [PSI*] was stabilized (Figure 1D).
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Figure 1 The effects of Swi1 overproduction and [SW/*]
on de novo [PSH] formation. (A) Sup35NM-GFP (from
p413CUPT-NMGFP) and one of the indicated proteins
were co-overproduced in a [pin~] or rnqT1A strain to in-
duce [PSH*]. Overproduction of Swil (Swi11), Ure2,—gs—
GFP (Ure21), polyQ103-GFP (Q1031), or GFP (GFP1) was
realized by yeast transformants containing plasmid
p426GPD-SWI1, p416GPD-URE2NPDGFP, p426GPD-
Q103GFP, or p426GPD-GFP. Log-phase cultures were in-
duced for 48 hr upon addition of 100 uM CuSQ4 (copper)
before spreading onto SC-ade plates. Acquired ade* iso-
lates ([PS/*] candidates) were quantified for [PS/*] de novo
formation frequencies after confirming their curability by
5 mM GdnHCI treatment. Shown are results from three
independent experiments. (B) Rnq1-CFP signals of the in-
dicated strains with a single copy of RNQ7-CFP integrated
at the TRPT locus, whose expression is driven by the in-
dicated promoters. (C) [SWI*] can facilitate [PSF] conver-
sion. Sup35NM-GFP was overproduced with plasmid
pCUPT-NMGFP (NMGFP1). And “vector” represents an
empty vector as control. [PSF] induction was performed
similarly to that described in A. Cultures were spotted to
the indicated plates with a serial dilution and images were
taken after 7 days of incubation for SC-ade plates and 3
days for other plates. (D) Sup35NM-GFP exhibits different
aggregation patterns in [psi~], premature [PSF*] (pre[PSH]),
and mature [PSF*] (m[PSH]) cells during [PSI*] prionogen-
esis facilitated by [SWF]. (E) To quantify Pin* activities,
three independent spreading-based [PS/*] induction
assays were conducted with a methodology similar to that
described for experiments shown in A. (F) Nine isogenic
pairs of [PIN*][SWI*] and [PIN*][swi~] strains and other
control strains with the indicated prion backgrounds were
compared for their Pin* activities using a spotting assay
similar to that used in B. Shown are results of two repre-
sentative pairs of such strains and controls. Images were
taken after 5 days incubation on plates. Left: prion sta-
tuses upon transformation of plasmid p4716TEF-NQYFP
(for Swi1) or pCUP1-RNQ1GFP (for Rnq1).

Unexpectedly, when [PSI*] induction experiments were
carried out in a [SWIT][PIN*][psi—] ([SWI*][PIN*]) strain,
we saw that the presence of [SWI*] significantly reduced



the Pin* activity of [PIN*] compared to that seen in a [swi~]
[PIN*][psi~] ([PIN*]) strain (Figure 1E and data not
shown), suggesting that [SWI*] antagonizes the Pin™* func-
tion of [PIN*] when they coexist. It is possible that this
compromised Pin* activity is not caused by [SWI*] but by
a weaker [PIN*] variant in the tested [SWIT][PIN*][psi~]
strain (the compared [SWIt][PIN*][psi—] and [swi~][PIN*]
[psi—] strains may harbor different [PIN*] variants). To rule
out this possibility, we generated a set of spontaneously
appearing [SWIT][PIN*t][psi~] isolates from a single
[SWIt][pin—][psi—] isolate. Each of these [SWI*][PIN™]
[psi—] isolates were subsequently screened for spontaneous
loss of [SWI'] by their regained Raf* phenotype and diffuse
fluorescence pattern of SwilNQ-YFP. The prion status of
Rnql was also confirmed by fluorescence microscopy after
transforming the pCUP1-RNQI-GFP plasmid. Subsequently,
nine pairs of isogenic [SWIT][PIN*][psi~—] and [swi~][PIN*]
[psi—] isolates were acquired and compared for their Pin*
activities. As shown in Figure 1F (left), although the Rnql-
GFP aggregation patterns are distinct among the newly
obtained [PIN™] isolates (single or multiple dots), indicative
of the presence of different [PIN*] variants (Bradley and
Liebman 2003), in all cases, [SWIT][PIN*] isolates had sig-
nificantly lower Pin™ activities than that of their correspond-
ing isogenic [swi~][PIN*] isolates (Figure 1F and data not
shown). The presence of Rnql aggregation also clearly
shows that the inhibition of [PIN*] activity by [SWI*] is
not caused by loss of [PIN*]. Although it has been shown
that different [PIN*] variants can have different [PSI*]-
promoting (Bradley et al. 2002) or -destabilizing (Bradley
and Liebman 2003) effects, the antagonizing effect of [SWI*]
on [PIN*] that we have observed in this study is likely
independent of [PIN*] variants.

[SWI*] facilitates de novo formation of [PIN*]

We next asked if [SWI*] was capable of promoting [PIN*]
formation. We showed earlier that although the majority of
[PSI*] isolates obtained from a [swi~][pin~][psi~—] strain
upon co-overexpression of SWII1 and SUP35NM-GFP
remained [pin~], a small portion of them became [PIN*].
This indicates that [SWI*] might promote [PIN*] de novo
appearance. The integrative TEF1-RNQI1-CFP provided
a convenient tool with which the process of [PIN*] forma-
tion could be monitored by following the change of Rnql-
CFP aggregation patterns. Starting with a [SWIt][pin~]
[psi—] strain containing the integrative copy of TEFI-
RNQI1-CFP, [PSI*] induction was conducted by overproduc-
tion of Sup35NM-YFP. We found that 40 of 150 examined
[PSI*] isolates acquired [PIN*] as judged by the presence of
inheritable Rnq1-CFP foci upon passage (Figure S3B).
Rnql-CFP aggregates could also arise occasionally in
TEF1-RNQ1-CFP integrated [SWI*][pin—][PSI*] isolates
containing no plasmids. In this case, most Rnql-CFP aggre-
gates initially appeared as a large single dot or rod-shaped
fluorescence focus (premature [PIN*] aggregates) and later
became multiple dots (mature [PIN*] aggregates) upon fur-

ther growth and passage (Figure 2A, top). Under identical
conditions, none of the examined [swi~][pin~][psi~] iso-
lates showed heritable Rnql-CFP aggregation and >95%
of the [PSIT][PIN*] cells still retained Rnql-CFP aggrega-
tion (Figure S3B and data not shown). A previous report
showed that [PSI*] could induce [PIN*] appearance (Derkatch
et al. 2001), and overproduction of Lsb2/Pin3 could also
promote [PIN*] conversion (Chernova et al. 2011). Similarly,
we also found that [PSI*] obtained by co-overproduction
of Swil and Sup35NM-YFP from a [swi~][pin~][psi~] strain
could promote de novo [PIN*] appearance as well (Figure
S3, C and D). Our data suggest that like [PSI*], [SWI*] can
also promote de novo [PIN*] conversion. For a further ex-
amination, a [SWI*][pin—][psi~] strain that contains an
integrated copy of TEFI-RNQI-CFP but carries no plasmids
was grown and spread on YPD plates, individual colonies
were examined for Rnql-CFP fluorescence patterns. We
observed that similar to what was observed in the [SWI']
[pin—][PSI*] cells, the rod-shaped Rnql-CFP aggregates
appeared in a small fraction of [SWI*][pin~][psi~] cells,
which subsequently became stable and transmissible dot-
shaped aggregates (Figure 2A, bottom). To quantify, we
assayed the [PIN*] conversion frequencies in a set of RNQI-
CFP integrated strains with different prion backgrounds in
liquid medium. As shown in Figure 2B, after 48 hr of growth
in YPD medium followed by spreading to YPD plates, ~12% of
[SWIt][pin—][PSI*] and 7% of [SWIt][pin~—][psi—] colonies
became [PIN*], as judged by the presence of heritable Rnql-
CFP aggregates.

The above observations demonstrate that [SWI*] alone can
induce the de novo formation of [PIN'] in the integrated
strains, in which Rnql-CFP was regulated by the TEFI pro-
moter and thus considerably overproduced compared to the
endogenous Rnql expression (Figure 1B). To test whether the
[PIN*]-promoting activity by [SWI*] could also occur in non-
integrated strains, [SWI*][pin~]1[psi—] and [swi~][pin~][psi~]
strains were transformed with the plasmid pCUP1-RNQ1GFP,
and the [PIN*] conversion was assayed both for fresh trans-
formants and for cells after incubation on SC-ura plate without
copper addition (see details in Materials and Methods). We
found that 28 of 72 examined isolates (39%) of the [SWI']
[pin~]1[psi~] strain turned to [SWIT][PIN*][psi~] (as indi-
cated by heritable Rnq1-GFP aggregates) after 14 days of in-
cubation at 4°. No inheritable Rnql-GFP aggregates were
observed among the 38 examined isolates of the [swi™]
[pin—][psi—] strain under identical conditions. Importantly,
[PIN*] induction was also observed in a small number of cells
of fresh transformants (data not shown). These results confirm
that [PIN*]-promoting activity by [SWIT] can also occur in
nonintegrated strains. Taken together, our data demonstrate
that like [PSI*], [SWI'] can significantly promote de novo
[PIN*] appearance under described experimental conditions.

Results in Figure 2, A and B, suggested that a single yeast
cell was able to harbor three prions, [PSI*], [PIN*], and
[SWIt]. To examine how their coexistence influences each
other’s propagation, we next tested the stability of individual
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Figure 2 [SW/*] can significantly promote de novo forma-
tion of [PIN*]. Strains used in this figure all have an in-
tegrated TEF-RNQT-CFP. (A) Top: a [pin~ IISWI]PSF]
isolate (a [PSI*] derivative of a [pin~][SWI*][psi~] strain
upon overproduction of Sup35NM-YFP but no longer car-
rying any plasmids) that initially showed diffusible Rng1-CFP
signals gave rise to some rod-like Rnq1-CFP aggregates (pre
[PIN*]) in a small portion of cells, which eventually became
dot-shaped Rnqg1-CFP foci in mature [PIN*] (m[PIN+]) isolates
upon colony purification. Bottom: similar conformational
changes of Rnq1-CFP and maturation process were ob-
served in [pin~[SWiH][psi~] cells. Shown are representative
images. (B) Quantification of spontaneous frequency of
[PIN*] formation in the indicated strains, which were cul-
tured in liquid YPD for 48 hr before spreading onto YPD
plates. Individual colonies were examined for heritable

20 o 191164 341460 0/500 Rnq1-CFP aggregation. Shown are combined results of per-
0 —— T centages of examined colonies containing [PIN*] as judged
[Swrq [Swil] [SWI']  [PIN'] non-prion by the presence of inheritable Rngq1GFP aggregates. The
[PSI] [PIN"] absolute numbers of [PIN*] colonies vs. the total examined
chromosomal TRIP1::TEF1-RNQ1CFP are also shown. (C) Stability of [PS/*], [PIN*] and [SW/I*] when
two or three of them coexist. The indicated strains carrying
c n=1621 n=126 =133 n=1446 n=126 different prions were grown in YPD medium for 48 hr and
oy 100 BZ47 ) 100 < 00 retested for their prion status after spreading onto YPD
2 90 @ Q0 @ 90 plates. The colony color on YPD plates, Rnq1-CFP signals,
e ] g n=158  and raffinose utilization efficiency were used to score the
g 80 g % § B0 status of [PS], [PIN*], and [SWI*], respectively. Combined

& 70 & 70 s 49 results are shown (n, total number of colonies examined)

[PSI] [SWI*] [PIN*] [SWI*] [PSFI] [PIN*] [SWI*]
prion background:  [PSIF[SWI] [PIN'I[SWI*] [PSIFIPINI[SWI]

chromosomal TRIP1::TEF1-RNQ1CFP

prions in three RNQI-CFP integrated strains that harbor either
two ([PSIT][SWI*] or [PIN*][SWI*]) or three prions ([SWI*]
[PSIT][PIN*]) (Figure 2C). After 24 or 48 hr of growth in YPD
liquid medium, cultures were spread onto solid media to allow
the formation of single colonies and examination of their prion
status. Specifically, colony color change from white to red,
acquired ability to use raffinose, and riddance of Rnq1l-CFP
aggregation were used as criteria for the loss of [PSI*], [SWI'],
and [PIN*], respectively. About 97% of [SWI*][pin~][PSI*]
([SWIT][PSI*]) and [SWIT][PIN*][psi~] ([SWIT][PIN*]) iso-
lates examined retained [SWIt], indicating that [SWIT] could
stably coexist with [PSI*] or [PIN*]. For [PSIT][PIN*][SWI*]
cells, >20% of them had lost [SWI*]; however, ~98% of them
retained their [PSI*] and [PIN™*] prions (Figure 2C), suggesting
that [SWI*] is unstable when coexisting with [PSI*] and
[PIN*]. Our results demonstrated that yeast was capable of
harboring three prions simultaneously ([PSI*], [PIN*], and
[SWI*]), but the stability of [SWI*] significantly declined in
this case.

Aggregates caused by overproduction of Swi1 are
usually not heritable

Aggregation is thought to underlie the prion propensity of
amyloidogenic prion proteins. To understand the different
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Pin* activities associated with SWII overexpression and
[SWI*], we further investigated if the overexpression-caused
aggregation of Swil is prionogenic. Swil-YFP aggregation
was observed only when SWI1-YFP was overexpressed from
a 2p-plasmid driven by GPD or GALI promoter, with an ag-
gregation frequency of ~15-40% (Figure 3A). Following
colony purification, aggregate-containing cells were traced
upon further growth and passaging. Such an attempt to
obtain heritable Swil-YFP aggregates ([SWI*] candidates)
failed as for each round of restreaking, >90% of the newly
formed colonies lost Swil-YFP aggregates (Figure 3B). The
failure to acquire [SWI*] might be, at least partially, due to
the constant overproduction of Swil-YFP because overpro-
duction of a prion protein in the presence of its prion form
might be toxic as known for other prions, e.g., [PSI*]
(Dagkesamanskaya and Ter-Avanesyan 1991; Derkatch
et al. 1996; Vishveshwara et al. 2009) and [PIN*] (Douglas
et al. 2008; Stein and True 2011; Treusch and Lindquist
2012). We then tested if transient overproduction of Swil
could lead to the aggregation of endogenous Swil and
[SWI*] conversion. Using p426GAL1-SWI1, a 2p.-plasmid-
carrying a GALI-SWII expression cassette, transient over-
expression of SWII in a SWI1GFP-tagged non-prion strain
caused aggregation of endogenous Swil-GFP (Figure 3C).
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When the SWII1 expression was turned off by transferring
cells to a glucose-containing SC-ura medium and sorted
by flow cytometry, ~4% cells still contained Swil-GFP
aggregates (Figure 3D). These aggregate-carrying cells
were collected and spread onto YPD plates, followed by
examination of the inheritability of the Swil-GFP aggregates
as described in Materials and Methods. When individual col-
onies were examined, none contained heritable Swil-GFP
aggregates. Typically, only 5-15% of the resulting colonies
retained aggregates, 2-10% colonies showed GFP signals
diffusible in the entire cell (mislocalization), and the re-
maining population (75-93%) exhibited typical Swil nuclear
localization (Figure 3E). When those aggregate-containing
isolates were further selected and passaged, similar pat-
terns were observed. Without selection, Swil-GFP aggre-
gates were rapidly lost upon growth. As a result, we failed
to obtain any promising [SWI*] candidates in a period of
~3 months after examining hundreds of cells harboring
Swil-GFP aggregate.

Intriguingly, we found that transient SWI1 overexpres-
sion can also promote Rnql-CFP aggregation in TEFI-
RNQI-CFP integrated [pin~—] cells, in which the Rnql-CFP
was relatively overproduced compared to the endogenous
Rnq1 level (Figure 1B and Figure 3F). Unlike the rod-shaped
prionogenic aggregates induced by [SWI*], these Rnq1-CFP
aggregates are mostly dot shaped and not heritable upon
further growth and passage as shown by colony purification
and fluorescence microscopic assays (Figure 3G). This sug-
gests that the Rnql aggregation caused by transient Swil
overproduction is largely non-prionogenic. To further con-
firm our results, we compared the inheritability of Rnq1-GFP
aggregates induced by different Rnql-GFP production lev-
els. Isogenic [swi~][pin~][psi—] (non-prion), [swi~][pin~]
[PSI*] ([PSI']), and [swi J[PIN*][psi—] ([PIN*]) strains
were transformed with pCUP1-RNQIGFP followed by
Rnql-GFP aggregation assay of the obtained transformants
in a 30-day period at 4° on SC-ura plates supplemented
with (overproduction) or without (leaking expression) 100
pM CuSOy,. As described in Materials and Methods, Rnql-
GFP aggregation was examined at each indicated time point.
After 14 days of incubation at 4° in the presence of copper,
an aggregation frequency of ~93, 12.0, and 31.6% was ob-
served for [PIN*], [PSI*], and non-prion cells, respectively.
The frequency of Rnql-GFP aggregation in the [PSI*] strain
that was unexpectedly lower than that of the isogenic non-
prion strain implies that overproduction of Rnq1l-GFP in the
presence of [PSI*] was toxic. Follow-up experiments indi-
cated that ~100% of the Rnql aggregates of the [PINT]
strain were stably inherited in the presence of copper. How-
ever, the Rnq1-GFP aggregates associated with copper addi-
tion were mostly not transmissible for [PSI*] and non-prion
cells. Only ~0 and 0.33% of their aggregates were heritable
for [PSI*] and non-prion cells, respectively (Figure 3H).
Typically, ~80% of the progeny lost the Rnq1-GFP aggre-
gates after each passage. We refer such Rnq1-GFP aggre-
gates as nonheritable (Figure 3I, top). In comparison,

significantly lower aggregation frequencies of Rnql-GFP
were observed for transformants after 14 days of incubation
on plates without CuSO,4 supplement: ~64, 5.5, and ~0.02%
for the [PIN*], [PSI"], and non-prion strain, respectively. The
higher aggregation frequency of the [PSI*] strain compared
to that of the non-prion strain is consistent with previous
findings that [PSI*] could facilitate [PIN*] formation
(Derkatch et al. 2001) (also see Figure S3, C and D). We
found that a significant portion of these aggregate-containing
isolates (20% for non-prion; 34% for [PSI*]) were able to
pass the aggregation to progeny to become stable [PIN*],
although most of them were not (Figure 3H). Under this
condition, ~100% of the Rnql-GFP aggregates were heri-
table for the [PIN*] strain. For these heritable Rnq1-GFP
aggregates, as shown in Figure 3I (bottom), >80% progeny
colonies retained Rnq1-GFP aggregates for each round of
passage. Taken together, our results suggest that Swil and
Rnql aggregates caused by overproduction are mostly non-
heritable and distinct from those formed spontaneously or
induced by a preexisting prion, which are more heritable.
These findings are similar to the earlier reports that the
aggregation induced by overproduction of Sup35 protein
is mostly not heritable (Salnikova et al. 2005; Kushnirov
et al. 2007).

Interaction of preexisting prion(s) with a newly
generated heterologous prion during prionogenesis

To examine how [SWI*] would influence the interactions of
Sup35 and Rnql during the [PSI*] induction process in the
presence and absence of [PIN*], Sup35NM-YFP was overpro-
duced in four isogenic RNQI-CFP-integrated strains, [psi~]
[pin~][swi~] (non-prion), [psi~][pin~J[SWI*] ([SWI*]),
[psi—1[PIN*][swi~] ([PIN*]), and [psi~][PIN*][SWI*]
([PIN*][SWI*]). Sup35NM-YFP ring-/rod-shaped aggre-
gates were observed only in strains containing [SWI*] or
[PIN*] (Figure 4, middle, and Figure 5). Interestingly, the
Rnq1-CFP aggregation pattern was dramatically altered from
dot shaped to ring/rod shaped during [PSI*] induction, and
the modulated Rnql-CFP ring/rod aggregates were well
colocalized with the newly formed Sup35NM-YFP ring/
rods (Figure 4, middle, and Figure 5). In cells without
Sup35NM-YFP ring/rods, Rnql-CFP remained in diffusible
([pin—]) or dot-shaped ([PIN*]) patterns (Figure 4). In
mature [PSI*] isolates, however, both Sup35NM-YFP and
Rnq1l-CFP aggregates were primarily observed as dots and
were not colocalized (Figure 4, bottom). Moreover, the
Rnql-CFP aggregates and Sup35NM-YFP ring/rods showed
decreased colocalization in [PINT][SWI*] cells when com-
pared to those in [PIN*] cells (Figure 4, middle, and Figure
5), which was consistent with the reduced Pin* activity of
[PIN*][SWI'] compared to that of [PIN*] (Figure 1F).
Although most of the de novo formed [PSI*] cells derived
from a [SWI'] strain remained [pin~—], rod-shaped Rnql-
CFP aggregates occasionally appeared in the mature [PSI*]
[SWI*] cells, which often overlap with Sup35NM-YFP dots
that are apparently morphologically changed (Figure 4,
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Figure 3 Aggregates formed spontaneously or induced
by a preexisting prion are more prionogenic compared
to those formed upon overexpression. (A) Aggregation
propensity of Swi1-YFP is depended on its expression lev-
els. (B) Swil-YFP aggregates acquired in the experiment
shown in A were gradually lost upon passaging when
Swi1-YFP was constitutively overproduced. (C) Transient
overproduction of Swi1 led to aggregation of endogenous
Swil-GFP in a BY4741 SWIT-GFP tagged non-prion
strain. (D) Cells harboring Swi1-GFP aggregate shown in
C were sorted by flow cytometry. Forward scatter (FSC)
height and green fluorescence emission (FL1) intensity are
plotted as shown. (E) The nonheritable Swi1-GFP aggre-
gates could not be stabilized upon passage. Hundreds of
isolates were assayed and representative results are
shown. (F) A TEFT-RNQT-CFP-integrated [pin~] strain
was transformed with p426GALT-SWIT or an empty vec-
tor. Rnq1-CFP aggregates were examined at the indicated
time points after galactose addition. (G) Rnq1-CFP aggre-
gates formed upon Swi1 overproduction shown in F could
not be successfully transmitted to progeny upon passage.

Rng1-CFP aggregates induced by Passage
transient SW/1 T (GAL1 promoter)

(H and 1) Non-TEFT-RNQT-CFP integrated [PS/*][pin~]
([PSI*]) and [psi~1[pin~] (non-prion)) strains were trans-
formed with plasmid pCUPT-RNQ1GFP. As described in
Materials and Methods, Rnq1-GFP aggregates generated
after incubation at 4° for 14 days on SC-ura with or
without copper salt were assayed for inheritability. (H)
Summary of percentages and absolute numbers of iso-
lates harboring heritable Rnq1-GFP aggregate- vs. the
total aggregate-containing isolates. (I) Representative re-
sult showing heritable and nonheritable aggregates upon
passaging.
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bottom left, red arrows). In cells containing three prions,
[PSI*][PIN*][SWI*], Sup35NM-YFP, or Rnql-CFP aggre-
gations can be lost at a low frequency (Figure 4, white
arrows). In rare cases, Rnq1-CFP rods could reappear in
mature [PSI*] cells derived from the [PINT][SWI*] strain,
which largely overlapped the morphologically remodeled
Sup35NM-YFP aggregates (Figure 4, right bottom, red
arrows). These observations strongly suggested that architec-
ture of the preexisting prion aggregates could be modified or
decorated during the initiation process of another prion’s
formation, likely a consequence of cross-seeding of the new
prion using the protein determinant of the preexisting
prion as a template. Apparently, the presence of [SWI']
can affect the interactions between Sup35 and Rnql during
[PSI*] initiation and maturation process.

We next investigated how [SWI'] prion aggregates in-
teract with Sup35 and Rnql during the prionogenesis of
[PSI*] and [PIN*]. We conducted [PSI*] induction experi-
ments by overproducing Sup35NM-CFP in [SWIt][pin~]
[psi~1 ([SWI*1[pin~1), [swi~J[PIN*1[psi~] ([swi~][PIN*]),
and [SWIT][PIN*][psi~] ([PINT][SWI*]) cells contain-
ing p413TEF-NQYFP. Again, we saw that newly formed
Sup35NM-CFP aggregates were ring/rod shaped in premature
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[PSI*] cells but became dot shaped in mature [PSI*] cells
(Figure 6A and Figure S4). In [SWI*] cells, the morphol-
ogy and distribution patterns of SwilNQ-YFP aggregates
became colocalized with the ring-/rod-shaped Sup35NM-
CFP aggregates in premature [PSI*] cells (Figure 6A, left,
and Figure S4). Noticeably, in agreement with a lower
Pin* activity of [SWI*], overlapping signals of SwilNQ-
YFP and Sup35NM-CFP in premature [PSI*] derivatives
of [SWIT] cells were significantly less than that of Rnql-
CFP and Sup35NM-YFP in premature [PSI*] derivatives
of [PIN*] cells, suggesting that [PIN*] can better seed
Sup35 to induce [PSI*] than [SWI*]. Also, colocalization
signals of SwilNQ-YFP and Sup35NM-CFP were signifi-
cantly reduced in [SWIT][PIN™*] cells when compared to
that in [SWI*] cells (Figure 6A, left and middle, and
Figure S4). Although most SwilNQ-YFP signals were dif-
fused in mature [PSI*] cells derived from the [PINT]
strain, SwilNQ-YFP aggregates were occasionally seen
and to some extent, colocalized with Sup35NM-CFP
aggregates (Figure 6A, right), suggesting that [SWIT]
might be induced de novo in [PSI*T][PIN*] cells. More-
over, SwilNQ-YFP aggregates can be lost in a small por-
tion of stabilized [PSI*] isolates derived from the [SWI™]
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Figure 4 Preexisting [PIN*] aggre-
gates and their interaction with
newly produced Sup35NMYFP
aggregates during [PSI*] priono-
genesis. Strains used in these
experiments all carried an inte-
grated copy of the TEF1-RNQ1-
CFP. Shown are representative
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passage‘/

NMYFP  YFP
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fluorescence patterns of YFP,
Sup35-NMYFP (NMYFP), and Rng1-
CFP during [PSH] initiation and
maturation process for each in-
dicated strain. Initial Rnq1-CFP
aggregates in [PIN*] cells were
dot shaped (top right). Upon
NMYFP  overproduction (from
PRS316CUPT-NMYFP), NMYFP
ring/rods appeared only in prion-
containing strains (observed after
16 hr overproduction). Note that
the ring-/rod-shaped NMYFP sig-
nals are significantly overlapped
with the remodeled Rnqg1-CFP
aggregates in cells harboring
[PIN*]. In mature [PSI*] cells,
both of the NMYFP and Rng1-

NMYFP

Rng1CFP

mature [PSF]

most rare

CFP aggregates were mostly
dot shaped and essentially not
overlapping (bottom). In rare
cases, Rnq1-CFP rod-like aggre-
gates could appeared in mature
[PSI*] cells that were derived
from either [pin~] or [PIN*], and
they overlap with Sup35NM-YFP
aggregates (bottom, red arrows).
Cells that occasionally lost [PIN*]
or [PSF] aggregates are indicated
with white arrows.

rare rare rare

[PSF]
[PSI*] from [SWI*][pirr] from [swi[PIN*]

[PIN™*] strain, an observation that is consistent with the
decreased stability of [SWI*] when the three prions co-
exist (Figure 2C).

As [SWI'] was able to promote spontaneous [PIN*] ap-
pearance (Figure 2, A and B), we further investigated the
interaction of Rnq1l-CFP and SwilNQ-YFP aggregates in pre-
mature and stabilized [PIN*] derived from [SWI*] cells. This
was done by examining the appearance of Rnql-CFP aggre-
gation in a RNQI-CFP-integrated [SWI'] strain ectopically
expressing SwilNQ-YFP. As shown in Figure 6B, in premature
[PIN*] cells that harbor [SWI*], Rnql-CFP rod-like aggre-
gates were observed and colocalized with SwilNQ-YFP foci.
Morphology and distribution pattern of SwilNQ-YFP aggre-
gates were apparently modulated in the earlier stage of the
Rnql prion generation. However, in stabilized [PIN*][SWIt]
cells, the Rnq1-CFP and SwilNQ-YFP aggregates were dot
shaped and not colocalized (Figure 6B, right).

[PSI*] from [PIN*][SWI*]

Discussion

The discovery of a number of amyloid-based prions in the
budding yeast makes this organism a useful model to study
heterologous prion interactions. This is of great interest as
this line of research may generate valuable data to not only
aid our understanding of prion formation and transmission
events in yeast, but also shed light on the mechanisms
underlying protein misfolding, aggregation, and pathogen-
esis in humans. Although prion aggregates usually template
the conversion of identical protein isomers, different prion
proteins and some non-prion Q/N-rich proteins can also
interact and influence each other’s aggregation (Derkatch
et al. 2001, 2004; Osherovich and Weissman 2001; Gonzalez
Nelson and Ross 2011; Inoue et al. 2011). Two basic mech-
anisms have been proposed for the interactions of different
prion proteins in yeast: the cross-seeding model and the
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titration model (Derkatch et al. 2001; Osherovich and
Weissman 2001). In the cross-seeding model, direct protein—
protein contacts are considered as a basis of interactions since
almost all prionogenic proteins contain a transferrable region
(s) similarly enriched in polar residues necessary for highly
ordered amyloid formation (Ter-Avanesyan et al. 1994;
Masison and Wickner 1995; Glover et al. 1997; King
et al. 1997; Taylor et al. 1999; Derkatch et al. 2004; Alberti
et al. 2009; Du et al. 2010). For example, direct cross-seeding
was observed for Sup35 and Rnql in an in vitro fibril as-
sembly assay (Derkatch et al. 2004; Sharma and Liebman
2013). As a consequence, preexisting prion aggregates or
aggregates resulting from overproduction of a protein such
as Q103 might serve as templates to allow de novo formation
of a new prion (Derkatch et al. 2004). Alternatively, the
titration model predicts that preexisting prion aggregates,
or newly formed protein aggregates caused by overproduc-
tion, may compete for binding, or perhaps sequester anti-
prion cellular factors, such as chaperones and proteases,
and thereby increase the likelihood of a new prion conver-
sion (Osherovich and Weissman 2001). Although both
models have gained supportive evidence (Osherovich and
Weissman 2001; Schwimmer and Masison 2002; Derkatch
et al. 2004), our results support the cross-seeding model in
general.
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Figure 5 Interaction of newly generated premature [PS/*]
aggregates with preexisting heterologous prion aggre-
gates. The TEFT1-RNQT-CFP-integrated strains with indicated
prion backgrounds were transformed with pCUPT-NMYFP
and induced in liquid medium as described in the legend of
Figure 4. The Sup35NM-YFP ring-/rod-like aggregates and
Rng1-CFP signals were pictured in premature [PSH] cells and
merged. Note that in the early stages of [PS*] prionogenesis,
there are remarkable overlapping signals between
Sup35NM-YFP and Rng1-CFP in [PIN*][swi~] strain.
Such overlapping signals are significantly reduced in
[PIN*][SWI*] cells and essential absent in [pin~][SWI*]
cells.

IllIlIll!I

In this study, we show that although both [SWI*] and
Swil overproduction act as Pin™ factors independent of
Rnql or [PIN*], their Pin* activities are significantly lower
than that of [PIN*] (Figure 1, A and E). Although [PIN*] is
an effective Pin* factor (Derkatch et al. 1997), in an earlier
study, several Q/N-rich proteins were found to be Pin* when
overproduced, which do not include Rnql (Derkatch et al.
2001), suggesting that overproduction of Rnql is not an
effective Pin* factor. In this study, we further showed that
overproduction-mediated aggregation of Swil and Rnql is
less heritable than that formed spontaneously or induced by
a preexisting prion(s) (Figure 3), suggesting that aggrega-
tion resulting from overproduction is mostly amorphous
aggregates that are ineffective in promoting prion conver-
sions. This is in agreement with the fact that overproduction
of Sup35 alone is ineffective in inducing [PSI*] de novo
formation (Derkatch et al. 1997) and the aggregation in-
duced by Sup35 is mostly not heritable (Salnikova et al.
2005; Kushnirov et al. 2007). A recent study suggested that
[PIN*] variants differ mainly in their cross-seeding abilities
but not in their seed numbers or other features in promoting
[PSI*] conversion (Sharma and Liebman 2013). Likely, only
a very small fraction of the aggregates resulting from over-
production can acquire prionogenic conformation(s). In ad-
dition, toxic effects associated with overproduction may also
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Figure 6 Preexisting [SW/*] aggre-
gates and their interaction with
newly formed Sup35NM-CFP and
Rng1-CFP aggregates during [PSH]
and [PIN*] prionogenesis and mat-
uration. (A) Yeast strains containing
the indicated prion(s) were trans-
formed with plasmids pRS3716CUPT—
NMCFP and p413TEF-NQYFP and
induced for [PSI*] formation. Images
were taken 16 hr after addition
of CuSO,; when ring/rod-shaped
Sup35NM-CFP (MNCFP) aggregates
were formed in premature [PSF] cells
(pre[PSF]) cells. The ring-/rod-shaped
NMCFP signals are significantly over-
lapped with the remodeled SwilNQ-
YFP (NQYFP) aggregates in cells
harboring [SWF] (left). Mature
[PSH] (m[PSI*]) isolates were reex-
amined for NMCFP and NQYFP
fluorescence patterns, which were
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contribute to a lower prion propensity or seeding ability of
a Q/N-rich protein in this study. Our finding that [PSI*]
candidates obtained from [pin~—] cells by co-overproduction
of Sup35 and Swil, Ure2-PrD-GFP or Q103-GFP appeared
on —ade plates ~2 to 3 days later than those obtained from
[PIN*] by Sup35 overproduction seems to support this no-
tion (Figure S1A). In addition, we found that when Rnql-
GFP was constitutively overproduced, a lower aggregation
frequency was observed in [PSI*] cells compared to that
in [psi—] cells. These results suggest that overproduction,
especially constitutive overproduction of Swil and other
Q/N-rich proteins in the presence of a preexisting prion, is
stressful and toxic to the cells. This may explain some of our
results in this study, for example, the noninheritability of
Swil-YFP and Rnql-GFP aggregation under the condition
of constant overproduction of Swil-YFP and Rnql-GFP, re-
spectively (Figure 3, B and H). We also cannot exclude the
possibility that suicidal [PSI*] (McGlinchey et al. 2011) may
also contribute to the different Pin*t activities we observed

mostly dot shaped and essentially
not overlapping. Rare overlapping
signals are indicated. See Figure S4
for more images. (B) An RNQT-
CFP-integrated [SWH][pin~] strain
was transformed with the plasmid
p413TEF-NQYFP and grown in
SC-his liquid medium for 2 days
(~40 hr) and screened for the
rod-like premature Rnq1-CFP (pre
[PIN*]) aggregates; NQYFP signals
were also recorded. Upon colony
purification, stably inherited aggre-
gates of Rnq1-CFP and NQYFP
were examined in mature [PIN*]
(m[PIN]) cells (right).

in this study. The fact that most of the Swil and Rnql
aggregates resulting from overproduction are not heritable
does not necessarily mean that the heritable aggregation
cannot be promoted by overproduction. The heritable aggre-
gates may be buried in the larger amount of nonheritable
aggregates concurrently induced and thereby are difficult to
observe. Without a selection system, tracing aggregates gen-
erated by overproduction is therefore not an efficient way to
identify prion candidates.

We showed that in addition to promoting the de novo
formation of [PSI*] and [PINT], [SWI*] can also antagonize
[PIN*] to reduce its Pin* activity when [PIN*] and [SWI*]
coexist (Figure 1, E and F). Our observation that several
[PIN*] isolates with distinct Rnql aggregation patterns all
significantly reduced Pin* function in the presence of
[SWIt] (Figure 1F) indicates that this antagonizing effect
is likely independent of [PIN*] variants. Although the un-
derlying mechanism of this [SWI*]-mediated Pin* reduction
of [PIN*] remains to be elucidated, we speculate that
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[SWI*] and [PIN*] may compete each other for Sup35 to
cross-seed and initiate [PSI*]. Recruiting of Sup35 by
[SWI+] aggregates may have reduced the availability of free
Sup35 to be cross-seeded by [PIN'], which is a stronger
Pin* factor than [SWI'] and thus may lead to less [PSI*]
de novo appearance. Alternatively, interaction between
[SWI*] and [PIN*] may reduce the quantity and/or quality
of [PIN*] templates in cross-seeding Sup35.

We showed in this study that a single yeast cell can
harbor three prions: [SWIt], [PSI*], and [PIN*] (Figure
2C). While [SWI*] can be stably maintained in >95% of
cells that contain [PSI*] or [PIN*], we showed that when
the three prions coexist, [SWI*] becomes significantly un-
stable with only <80% cells capable of maintaining [SWI*]
(Figure 2C). The instability of maintaining three prion ele-
ments in a single yeast cell might also be a contributing
factor to the reduced Pin™ activity of [PIN*] in [SWI*]
[PIN*] cells. Antagonizing effects have also been reported
for cells containing two heterologous prions. For example,
Bradley and Liebman (2003) found that some variants of
[PIN*] can destabilize weak [PSI*]. Schwimmer and Masison
(2002) have also shown that there are antagonistic interac-
tions between [URE3] and [PSI*]. In this case, an elevated
Hsp104 level was thought to be responsible for the partial
loss of [PSI*] in [PSIT][URE3] cells (Schwimmer and Masison
2002).

[PSI*] prion aggregates formed at their earlier initiation
stage have been shown to have unique ring-/rod-shaped
structures, which are distinct from the dot-shaped aggre-
gates observed at their later mature stage (Derkatch et al.
2001; Zhou et al. 2001). Upon overproduction, de novo
formed Sup35 aggregates appeared as either ring/rod
shaped or dot shaped, and usually the ring-/rod-shaped
aggregates are prionogenic (Derkatch et al. 2001; Zhou et al.
2001; Alberti et al. 2009). The nonheritable dot-shaped
Sup35 aggregates that appeared upon overproduction
seem fundamentally different from the dot-shaped aggre-
gates found in the mature [PSI*]. Similarly, we observed in
this study that the initially formed aggregates of Swil or
Rnq1l upon overproduction are mostly dot shaped and usu-
ally not heritable whereas the newly initiated prionogenic
aggregates are usually ring/rod shaped (Figure 3, Figure 4,
Figure 5, Figure 6, and Figure S2). Although we do not yet
know if the initially formed Swil aggregates in pre-[SWI*]
cells are also ring/rod like, current data seemingly suggest
that only ring-/rod-shaped aggregates are prionogenic.
Like the dot-shaped mature [PSI*] aggregates, the ring-/
rod-shaped [PSI*] foci of Sup35 were shown to have bun-
dled fibrillar amyloid structure (Kawai-Noma et al. 2010;
Tyedmers et al. 2010). However, it is unclear whether the
dot-shaped Sup35 aggregates promoted by overproduction
contain amyloid-like fibrillar structures. It has been shown
that the newly formed ring-/rod-shaped Sup35 aggregates
were associated with actin-binding scaffold proteins as de-
letion mutants of cytoskeletonal components of SLAI and
SLA2 resulted in reduction of [PSI*] formation (Ganusova
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et al. 2006; Manogaran et al. 2011). A recent study shows
that a mutation eliminating association of a stress-inducible
QN-rich protein, Lsb2 with the actin cytoskeleton, inhibits its
aggregation and prion-inducing ability (Chernova et al
2011), confirming that the actin cytoskeleton likely serves
as a platform for initial prion conversions. Interestingly, unlike
the premature [PSI*] aggregates, which can be both ring and
rod shaped, we saw that almost all newly formed [PIN*]
aggregates appear rod shaped, and the ring-shaped aggrega-
tions are very rare in premature [PIN*] cells (Figure 2A and
Figure 6B). These results suggest a structural difference be-
tween the premature aggregates of [PSI*] and [PIN*] and,
perhaps, involvement of distinct cellular components in their
de novo prionogenetic processes. Previous studies suggest that
direct interactions of Rnql and Sup35 mainly happen at the
early phase of [PSI*] induction, and after the de novo formed
[PSI*] is stabilized, prion aggregates of [PSI*] and [PIN™]
do not usually colocalize (Bagriantsev and Liebman 2004;
Derkatch et al. 2004). Our data also suggest that prion—
prion interactions mainly happen at the earlier prion in-
duction stage (Figure 4, Figure 5, and Figure 6), a time
when the colocalization of heterologous prion aggregates
is noticeable. In cells containing established [PSI*] and
[PIN*] prions, no significant colocalization of Sup35 and
Rnql was observed (Figure 4). Intriguingly, the ability of
one prion to enhance another prion’s de novo appearance is
positively correlated with the colocalization frequency of
the newly induced and the preexisting prion aggregates
(Figure 1, Figure 2, Figure 5, Figure 6, and Figure S4),
suggesting that direct protein—protein interactions (cross-
seeding or decoration) are fundamental for heterologous
prion induction. Even in the mature [PSI*][pin~][SWI*]
cells, Rnql-CFP aggregates can appear occasionally and
when that happens, the Rnql-CFP aggregates largely
colocalize with the Sup35 aggregates (Figure 4). Similarly,
in [PSI*][PIN*][swit] cells, SwilNQ-YFP aggregates are
rarely formed, but if they do form, they also partially coloc-
alize with the Sup35NM-CFP aggregates (Figure 6). Thus, our
study provides evidence supporting the cross-seeding model,
although the involvement of the titration mechanisms cannot
be ruled out.
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Figure S1 A. Yeast cells with indicated strain background were transformed with
plasmid p413CUP1-NMGFP (NMGFPT) or pRS413CUP1-NM (NMT), and also one of
the following plasmids: p426GPD-SWI1 (Swill), p416GPD-URE2NPDGFP (Ure21),
p426GPD-Q103GFP (Q1031) or p426GPD-GFP (GFP?T). [PSI*] induction was carried
out as described in Materials and Methods. After 48 hours of expression upon addition
of 100 uM CuSQO,, cultures were spotted onto the indicated plates. Note: The
appearance of Ade+ colonies by Swil, Ure2, or Q103 overproduction in [pin7] cells was
delayed ~2 to 3 days when compared to that obtained from [PIN*]. B. Randomly
selected [PS/'] isolates shown in panel A were replica-plated onto GdnHCI-containing
plates for up to three times (3x) and then patched back to YPD plates to see the
curability and to determine [PS/*] variants. Spontaneously formed [PSI*] isolates were
also included. Shown are representative results. Note: overproduction of NM and
NMGFP gave similar [PSI*] induction efficiency.
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Figure S2 A. Sup35NMGFP and Swil were co-overproduced in a non-prion strain
containing the plasmids p413CUP1-NMGFP and p426GPD-SWI1 (blue) in the presence of
100 uM CuSO4. The frequency of Sup35NMGFP ring/rod-like aggregates was analyzed at
the indicated times. Cells containing p413CUP1-NMGFP and p426GPD were treated under
identical conditions as the vector control (red). B. Representative images of ring/rod
Sup35NMGFP aggregates in pre-mature [PSI*] cells generated by co-overproduction of
Sup35NMGFP and one of the indicated proteins. This experiment was carried out in a rnq1A
strain with conditions similar to what described for Figure S1A. Images were taken after 24h
induction. C. Sup35NMGFP aggregates of mature [PS/*] isolates obtained in experiments
shown in Figure S1A-1B. Ure2: Ure2, -GFP; Q103: polyQ103-GFP; and sponta.:
spontaneously formed [PS/*] isolates.
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Figure S3 A. Majority [PS/*] isolates obtained by co-production of Sup35NMGFP and Swil
(Swil 1), Ure2, (-GFP (Ure2 1) or polyQ103-GFP (Q103T) remained [pin]. As shown,
RnqlCFP remained diffused in stabilized [PS/*] cells obtained under the indicated co-
overproduction conditions. B. Heritable Rnq1CFP aggregates (indicative of [PIN*]) were
analyzed after eliminating the plasmid pRS413CUP1-NMGFP and p426GPD-SWi1.
Numbers shown are [PIN*] isolates versus total examined isolates. C. A [PS/*] isolate
acquired by co-overproduction of Sup35NMYFP and Swil was compared with an isogenic
[pin][psi] strain for their ability in promoting spontaneous [PIN*] conversion after incubation
at 4°C for the indicated days. The method used in this study is similar to that described in an
earlier paper (Derkatch et al., 2001, cell 106: 171-182). Shown are Rnq1CFP signals. D.
The acquired RnqlCFP aggregate-containing [PS/*] cells (20 days in panel C) were further
stabilized by passages and compared with the initial [PS/*] strain (O day cells) using a
centrifugation assay. T, total lysate; S, supernatant; P, pellet. An anti-Rnql polyclonal
antibody was used in the Western Blotting. Note: all results shown in this figure were
obtained using cells carry an integrated copy of TEF1-RNQ1CFP.
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Figure S4 Representative images of Swil-NQYFP and Sup35NM-CFP fluorescence
patterns in pre-mature [PS/*] cells. Sup35NMYFP was overproduced under the CUP1
promoter. In strains containing the indicated prion(s), the SWI1-NQYFP was expressed

under the TEF1 promoter.
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