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ABSTRACT Prions are self-perpetuating, alternative protein conformations associ-
ated with neurological diseases and normal cellular functions. Saccharomyces cere-
visiae contains many endogenous prions, providing a powerful system to study
prionization. Previously, we demonstrated that Swil, a component of the SWI/SNF
chromatin-remodeling complex, can form the prion [SWI*]. A small region, Swil,_s,
with a unique amino acid composition of low complexity, acts as a prion domain
and supports [SWI/*] propagation. Here, we further examine Swil,_ ;5 through site-
directed mutagenesis. We found that mutations of the two phenylalanine residues
or the threonine tract inhibit Swil,_s; aggregation. In addition, mutating both phe-
nylalanines can abolish de novo prion formation by Swil,_;;, whereas mutating
only one phenylalanine does not. Replacement of half of or the entire eight-threo-
nine tract with alanines has the same effect, possibly disrupting a core region of
Swil, ;3 aggregates. We also show that Swil, ;3 and its prion-fold-maintaining
mutants form high-molecular-weight, SDS-resistant aggregates, whereas the dou-
ble-phenylalanine mutants eliminate these protein species. These results indicate
the necessity of the large hydrophobic residues and threonine tract in Swil, 4 in
prionogenesis, possibly acting as important aggregable regions. Our findings thus
highlight the importance of specific amino acid residues in the Swil prion domain
in prion formation and maintenance.

KEYWORDS protein aggregation, prionogenesis, Swil, prion domain, [SWI*], SWI/SNF,
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rions were initially identified as infectious abnormal protein conformations that

underpin incurable neurological diseases (1). While the prion concept originally
applied to the namesake protein, the idea has grown to encompass additional proteins
in a multitude of organisms (2-6). The budding yeast Saccharomyces cerevisiae harbors
a number of endogenous proteins that can adopt alternative, heritable protein confor-
mations (7-15). These proteins, termed yeast prions, have greatly contributed to our
understanding of the prion phenomena.

One such yeast prion, [SWI*], was identified by our laboratory (11). The protein de-
terminant of [SWI*], Swil, normally functions as part of the SWI/SNF chromatin-remod-
eling complex, which modulates the expression of more than 15% of yeast genes
(16, 17). Due in part to this role, the prionization of Swi1 leads to multiple phenotypes
in yeast, including poor growth on nonglucose carbon sources (e.g., raffinose and glyc-
erol), aggregation of the Swil protein, and loss of multicellular features (e.g., floccula-
tion and invasive growth) (11, 18). Swil can be divided into three domains (19). The
N-terminal, asparagine-rich domain (Swi1y) contains the Swil prion domain (PrD), the
region necessary and sufficient for prionization. The N region has previously been
shown to capably form amyloid fibrils in vitro (19). A middle glutamine-rich domain
follows, and a C-terminal, functional domain completes the protein. The expression of

July 2021 Volume 41 Issue7 e00044-21 Molecular and Cellular Biology

Citation Goncharoff DK, Cabral R, Applebey SV,
Pagadala M, Du Z, Li L. 2021. Defining key residues
of the Swil prion domain in prion formation and
maintenance. Mol Cell Biol 41:e00044-21. https://
doi.org/10.1128/MCB.00044-21.

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Zhigiang Du,
z-du@northwestern.edu, or Liming Li,
limingli@northwestern.edu.

* Present address: Raudel Cabral, Recombinant
Protein Production Core, Northwestern
University, Evanston, lllinois, USA; Sarah V.
Applebey, Neuroscience Graduate Group,
University of Pennsylvania, Philadelphia,
Pennsylvania, USA.

Received 29 January 2021

Returned for modification 22 February 2021
Accepted 26 April 2021

Accepted manuscript posted online

3 May 2021

Published 23 June 2021

mcb.asm.org


https://orcid.org/0000-0001-8583-5389
https://doi.org/10.1128/MCB.00044-21
https://doi.org/10.1128/MCB.00044-21
https://doi.org/10.1128/ASMCopyrightv2
https://mcb.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00044-21&domain=pdf&date_stamp=2021-5-3

Goncharoff et al.

this functional domain rescues the poor growth on raffinose phenotype and restores
multicellular features (19).

Further research into the Swi1 PrD revealed that the protein’s first 38 amino acids
(Swi1,_55) could act to maintain and propagate the [SW/*] prion fold (20). Also, deletion
of a similarly sized region (residues 2 to 55) from Swily prevented coaggregation in
yeast containing [SW/*], indicating the critical nature of this region. This extreme N-ter-
minal region is uniquely rich in asparagine residues and devoid of any glutamine resi-
dues. Moreover, Swil, ;5 could be further truncated, down to Swil,_;,, and retain the
ability to aggregate and propagate (21). Swil,_;5 was also shown to act as a transfera-
ble PrD. When fused with Sup35,,., the Sup35 protein without its N-terminal prion
domain, for assay purposes, Swil, ;g can de novo form a prion that has been termed
[SPS*] (Swil-conferred [PSI*]). This prion, formed by Swil,_;5-MC, exhibits aggregation
when visualized by Swi1,_;5-yellow fluorescent protein (YFP), displays impaired transla-
tion termination due to the primary function of Sup35,,., and is curable by treatment
with guanidine hydrochloride. Once again, a shorter truncation, Swil,_;,, was found to
also be capable of prionization. In all, this small N-terminal region of Swi1 stands as the
smallest currently identified PrD.

Swi1,_s4 is highly enriched in polar residues, particularly asparagine. Of the 38 resi-
dues, 22 are asparagine and 10 are threonine residues. The inclusion of asparagine
and/or glutamine residues is common among currently characterized yeast prions (22,
23). Meanwhile, the six remaining residues comprise a methionine necessary as a start
codon, an adjacent aspartate likely playing a role in the protein half-life, an ending pro-
line with probable unimportance for prion capabilities, and three hydrophobic resi-
dues: a leucine and two phenylalanines. This largely uncomplicated primary sequence
of Swil, ;5 gives rise to a protein domain capable of aggregating, maintaining, and
propagating an alternative fold and initializing a prion (20, 21). Thus, Swil,_s5 exists as
a small prion domain and acts as a critical region for supporting [SWI*]. As such, inves-
tigation of Swil, ;3 may allow the clarification of the prion capabilities of the larger
Swi1 protein, which plays an important role in the global regulation of yeast genes
and the resulting environmental adaptation (16). To better understand the prionoge-
nicity of Swil, 55, we performed a series of mutagenesis experiments to characterize
the contributions of residues to the prionogenic characteristics of this small PrD.

RESULTS

Multiple Swi1,_;; mutants cannot coaggregate with Swil in [SWI*] cells. To
dissect the contributions of various residues to the prionogenicity of Swil, ;5 we tar-
geted the minority of residues that are nonasparagine amino acids for mutagenesis
(Fig. 1A). The first two amino acid residues, methionine and aspartate, were not
mutated due to the need for the start codon and the N-end rule, respectively (24). The
last amino acid residue, proline, was also not mutated due to our laboratory’s previous
work displaying that this residue is not necessary for aggregation, the maintenance of
[SWI*], or prionogenesis (21). Additionally, proline is not known to be particularly
aggregation or prion promoting.

The remaining nonasparagine residues, including phenylalanine (F), threonine (T),
and leucine (L), in Swil,_s; were mutagenized. Noticeably, these amino acids are not
overrepresented in the asparagine/glutamine-rich PrDs of identified yeast prions,
although some of them have been reported as amyloidogenic (23, 25). Codons for indi-
vidual amino acids were swapped via PCR mutagenesis to codons for either asparagine
(N) or alanine (A) (Table 1). Asparagine was selected due to its importance in prionoge-
nicity and the fact that Swi1,_s4 is already very N rich: small changes to the number of
N residues are unlikely to have a sizeable effect (23). The replacement of the phenylala-
nine(s) in Swil,_s3 with the polar, uncharged asparagine allows us to determine the
value of the singular and/or duplicated phenylalanine(s) and the prionogenic hydro-
phobicity provided by it. Furthermore, replacing threonine residues allows us to evalu-
ate whether Swil,_s3 requires unique contributions of threonine or its tandem tract.
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FIG 1 Mutation of the phenylalanine residues or threonine tract disrupts Swil, ,, coaggregation with Swilg,.
(A) Diagram of Swil protein domains. The N region (Swil, ;,;) includes the Swil prion domain, and the
sequence of this region is presented. The amino acid residues asparagine (N), glutamine (Q), and threonine (T)
are in red, blue, and green, respectively. The first 38 amino acid residues (Swil, ;) are in boldface type and
highlighted in yellow. A previously predicted amyloid core region (Swil,,, ,s5) is underlined. Asterisks indicate
those residues that were targeted for mutagenesis. (B) Diagram of the experiment. BY4741 [SWI'] or [swi~]
cells were transformed with p415TEF-SWIT,_;o-YFP (WT), p415TEF-SWIT,_;;Mut-YFP, or p415TEF-YFP. Transformants
were observed using fluorescence microscopy for aggregate foci or diffuse signals. (C) Fluorescence images of
BY4741 [SWI'] or [swi~] cells transformed with p415TEF-SWIT,_,o-YFP (WT), p415TEF-SWIT,_;;Mut-YFP, or p415TEF-
YFP. See Table 1 for amino acid sequences of the mutants. For each construct, 3 independent transformations
of both [SWI*] and [swi~] yeast cells were conducted. On average, approximately 900 cells (from across 3

colonies) were observed per transformation. Shown are representative views, and quantitative results are
shown in Fig. 2C.
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On the other hand, alanine was selected due to its lack of prionogenicity and its simple
and small structure, particularly compared to amino acids such as phenylalanine with a
large aromatic side chain. The phenylalanine residues at positions 3 and 4 were
mutated singularly or in tandem, producing the mutants F3N, F3A, F4N, F4A, FF-NN,
and FF-AA. The leucine residue at position 6 was mutated singularly to construct the
mutants L6N and L6A. For the threonine tract in the center of Swil,_sg, the last 4 threo-
nine residues (positions 19 to 22) were replaced with either all asparagine or all alanine
residues to produce 4xTN or 4xTA, respectively. The entire threonine tract (positions
15 to 22) was mutated to be either entirely asparagine residues (8 XxTN) or entirely ala-
nine residues (8xTA). The interspersed threonine residues in the back portion of
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TABLE 1 Swil,_s; mutants

Molecular and Cellular Biology

Name DNA mutation Amino acid sequence?

WT MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F3N TTC — AAC MDNFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F3A TTC — GCC MDAFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F4N TTT — AAC MDFNNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F4A TTT — GCC MDFANLNNNN NNNNTTTTTT TTNNNNTNNNNTNNNNNP
FF-NN TTCTTT — AACAAC MDNNNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
FF-AA TTCTTT — GCCGCC MDAANLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
L6N TTG — AAC MDFFNNNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
L6A TG — GCG MDFFNANNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
4xTN ACTACTACTACC — AACAACAACAAC MDFFNLNNNN NNNNTTTTNN NNNNNNTNNN NTNNNNNP
4xTA ACTACTACTACC — GCAGCAGCAGCA MDFFNLNNNN NNNNTTTTAA AANNNNTNNN NTNNNNNP
8xTN ACTACTACTACTACTACTACTAAC — AACAACAACAACAACAACAACAAC MDFFNLNNNN NNNNNNNNNN NNNNNNTNNN NTNNNNNP
8xTA ACTACTACTACTACTACTACTAAC — GCAGCAGCAGCAGCAGCAGCAGCA MDFFNLNNNN NNNNAAAAAA AANNNNTNNN NTNNNNNP
T27N ACT — AAT MDFFNLNNNN NNNNTTTTTT TTNNNNNNNN NTNNNNNP
T27A ACT — GCT MDFFNLNNNN NNNNTTTTTT TTNNNNANNN NTNNNNNP
T32N ACT — AAC MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NNNNNNNP
T32A ACT — GCT MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NANNNNNP

9Boldface type indicates mutated amino acid residues that differ from the wild-type sequence.

Swil,_ g were singularly mutated to create T27N, T27A, T32N, and T32A. Together with
the wild-type (WT) Swil, ;5 construct, these mutants were initially assayed for their
ability to coaggregate with full-length Swi1 (Swilg).

Each mutant was tagged with yellow fluorescent protein (YFP) and individually
transformed into BY4741 [SWI*] and [swi~] yeast (Fig. 1B). This process was repeated
for three biological replicates. Wild-type Swil,_s4-YFP served as a positive control, spe-
cifically aggregating in [SWI*] cells, while YFP alone served as a negative control. While
F3N displayed aggregation similar to that of the WT, the other phenylalanine mutants
displayed greatly hampered aggregation formation (Fig. 1C). Indeed, the FF-NN and
FF-AA constructs were not observed to have any puncta visible. The other mutant con-
structs that resulted in deficient aggregation were 4xTA and 8xTA; however, 4xTN
and 8xTN displayed aggregation akin to that of the WT. Thus, the replacement of
these threonine residues with alanine removed the polar side groups that are aggrega-
tion prone and greatly disrupted aggregation. On the other hand, maintaining that po-
larity via mutation to the similarly polar asparagine allowed aggregation. The remain-
ing mutations (L6N, L6A, T27N, T27A, T32N, and T32A) had aggregation similar to that
of the WT. All constructs did not produce observable aggregates in [swi~] cells, indicat-
ing that the observed aggregation was specific to mutant Swil,_;5-YFP (Swi1,_sgMut-
YFP) adopting the prion fold of the existing [SW/*] and not amorphous aggregates
forming solely due to overexpression.

Overexpression of Swil,, allows coaggregation of additional Swi1,_;; mutants.
To further examine the aggregation capabilities of the Swi1,_s; mutant constructs, we
performed the same coaggregation assay in the presence of higher Swil expression
levels (Fig. 2A). We started with BY4741 swilA/p416TEF-SWIT,, [SWI*] and [swi~] yeast
for this experiment. In these cells, instead of expressing SWI1,, from its chromosomal
locus under the control of its endogenous promoter, SWI1,, was expressed from a plas-
mid under the control of the significantly stronger TEF promoter. These conditions
should provide an overexpression context for Swil, and an additional opportunity for
the Swi1,_;3 mutants to decorate the existing [SWI*] aggregates.

Once again, based on three biological replicates, several mutants exhibited aggre-
gation akin to that of the WT (Fig. 2B). These mutants included F3N, L6N, L6A, 4xTN
8xTN, T27N, T27A, T32N, and T32A. These results once again highlighted that most of
the singular mutants were capable of coaggregating and adopting the prion confor-
mation of Swil. Interestingly, the other singular phenylalanine mutants (F3A, F4N,
and F4A) that had low (<20%) aggregation rates in the initial assay displayed an
increased aggregation frequency (~60%) under Swil, overexpression conditions
(Fig. 2C). On the other hand, the double-phenylalanine mutants (FF-NN and FF-AA)
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FIG 2 Substantially higher Swil,, expression levels promote aggregation of Swil, ;; mutants in [SW/*] cells. (A)
Diagram of the experiment. BY4741 swilA/p416TEF-SWI1,, [SWI'] or [swi~] cells were transformed with
p415TEF-SWIT,_;,Mut-YFP. Transformants were observed using fluorescence microscopy for aggregate foci or
diffuse signals. (B) Fluorescence images of BY4741 swilA/p416TEF-SWIT,, [SWI'] or [swi~] cells transformed with
P415TEF-SWIT,_;5-YFP (WT), p415TEF-SWIT,_s,Mut-YFP, or p415TEF-YFP. See Table 1 for amino acid sequences of
the mutants. Similar to that described in the legend of Fig. 1C, for each construct, 3 independent
transformations of both [SWI*] and [swi~] yeast cells were conducted. On average, approximately 900 cells
(from across 3 colonies) were observed per transformation. Shown are representative views, and quantitative
results are shown in panel C. (C) Quantification of Swil, ;,Mut-YFP aggregation observed in panel B and Fig.
1C. Cells were manually counted using Fiji software. Normalized aggregation is defined as the number of
aggregate-containing cells divided by the total number of cells with YFP fluorescence and then normalized to
the WT (which had a raw aggregation percentage of ~50 to 80%) per biological replicate. The mean number
of cells with YFP fluorescence observed per mutant per replicate was approximately 900. Error bars represent
standard errors of the means.

displayed a greatly impaired ability to decorate Swily aggregates; however, there
were low levels of observable puncta. Another mutant, 4xTA, also displayed a low
aggregation frequency (~20%) in the Swil, overexpression context, whereas aggre-
gates were not seen under non-Swilg -overexpression conditions (~0%). The 8xTA

July 2021 Volume 41 Issue7 e00044-21

Molecular and Cellular Biology

mcb.asm.org 5


https://mcb.asm.org

Goncharoff et al.

mutant was unable to form notable aggregates even under Swil; overexpression con-
ditions, suggesting that replacing the polar threonine tract with small, hydrophobic,
nonpolar alanine residues in the center of Swil,_4 likely was disruptive to the aggrega-
tion core of the protein. No construct resulted in consistent aggregation in [swi~] cells,
although single cells with puncta were observed in a minimal (<5%) number of colo-
nies. These rare instances in the originally [swi~] cells likely reflect randomly generated
Swi1,_s5 or Swilg aggregates from the very favorable overexpression conditions.

Although there was an increase in Swil,_;; mutant coaggregation when Swily was
overexpressed, the most deleterious mutants still had significant effects. The removal of ar-
omatic groups via the replacement of the phenylalanine residues displayed a stepwise
effect on the aggregation frequency, with the removal of both leading to a greater
decrease than the removal of just one. Additionally, a peculiar site-specific effect was
observed as the FAN mutation readily decreased observed aggregation whereas the F3N
mutation did not. Moreover, whether the aggregates of these and other Swi1,_;; mutants
were stable without the presence of Swil aggregates remained an open question.

Swi1,_;; requires a phenylalanine to maintain [SWI+]. We proceeded to use the
BY4741 swilA/p416TEF-SWIT,,/p415TEF-SWIT,_;sMut-YFP [SWI*] transformants to inves-
tigate the maintenance of the prion fold by the various Swil,_;3 mutants in the ab-
sence of Swily (Fig. 3A). To do so, isolates containing aggregates were transferred to
medium containing 5-fluoroorotic acid (5-FOA). Cells containing the URA3 marker, in
this case on the plasmid p416TEF-SWI1,,, would process 5-FOA into a toxic chemical,
killing the cells. Thus, using this selection system, we generated cells with the swiTA/
p415TEF-SWIT,_ssMut-YFP genotype that have no full-length Swil present.

Among these newly generated yeast isolates, we examined whether individual col-
onies contained aggregates, indicating maintenance of an adopted prion fold (Fig. 3B
and Q). The single-phenylalanine mutants (F3N, F3A, F4N, and F4A) displayed observ-
able puncta in cells in ~50% of colonies. However, once both phenylalanine residues
were replaced with either asparagine or alanine as in FF-NN and FF-AA, aggregation
was almost completely abolished: only one colony was found to contain any aggrega-
tion. This result indicates that the phenylalanine residues play a pivotal role in main-
taining Swi1,_;5 aggregation.

Other mutants also displayed deficiencies in maintaining aggregation once Swilg
was removed. The 4xTA mutant had aggregates in ~10% of colonies, while no
observed 8xTA colonies contained aggregates (Fig. 3C). The substitution of the polar
threonine residues with the nonpolar alanine residues likely disrupted the stability of
any prion fold adopted by Swil,_s5. Meanwhile, the 4xTN and 8 x TN mutants both pre-
sented a reduced maintenance ability (~60% and ~50% of colonies, respectively), sug-
gesting that the presence of the threonine tract remains important but is not required
for Swil,_;5 aggregation. Once again, the T27N, T27A, T32N, and T32A mutants did not
present any meaningful deviation from the WT control. In addition, the L6A mutant did
not demonstrate impairment in maintaining aggregation. The L6N mutant displayed a
substantial decrease in the number of colonies with cells containing aggregates. This
difference between the L6A and L6N mutants may be due to the similarities between
alanine and leucine, both nonpolar, hydrophobic amino acids, as opposed to the polar-
ity introduced by an asparagine residue.

Cells containing Swil,_;sMut-YFP aggregates were examined for the curability of this
aggregation. For the Swil,_;; WT and the various mutants, multiple isolates were streaked
onto selective medium containing 5mM guanidine hydrochloride (GdnHCI). GdnHCI
cures or rids cells of many endogenous yeast prions, including [SWI*], through the inacti-
vation of the molecular chaperone Hsp104 (26). Treatment with GdnHCI resulted in the
loss of Swil,_sgMut-YFP aggregation for the WT and all aggregate-maintaining mutants
(data not shown). This result indicates that the aggregation was of a prion form.
Additionally, we tested whether the aggregated Swi1l,_ssMut-YFP could transmit its prion
fold back to Swilg, by transforming the BY4741 swilA/p415TEF-SWIT,_;sMut-YFP cells with
p416TEF-SWI1¢,-mCherry, which allows the expression of a fluorescently tagged version of
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FIG 3 Mutation of both phenylalanine residues leads to Swil, ,, being unable to maintain the prion fold in the
absence of Swily. (A) Diagram of the experiment. BY4741 swilA/p416TEF-SWI1,,/p415TEF-SWIT,_;sMut-YFP [SWI*]
cells containing aggregates were treated with 5-FOA to select against cells containing the p416TEF-SWIT,,
plasmid. The resulting BY4741 swilA/p415TEF-SWIT, ;;Mut-YFP cells were observed using fluorescence
microscopy for aggregate foci or diffuse signals. (B) Representative fluorescence images of the resulting BY4741
swilA/p415TEF-SWIT,_;Mut-YFP cells. See Table 1 for amino acid sequences of the mutants. For each construct,
3 aggregate-containing BY4741 swilA/p416TEF-SWIT,,/p415TEF-SWIT,_;,Mut-YFP isolates were treated with 5-FOA
to drop out the full-length Swil expression plasmid. From there, 9 colonies for each isolate (for a total of
27 colonies) were examined for each construct. Shown are representative views, and quantitative results are
shown in panel C. (C) Quantification of yeast colonies retaining Swil, ;;Mut-YFP aggregates after the removal of
Swily via 5-FOA treatment. For experiments quantified in this graph, aggregated colonies had >25% of cells
containing aggregates, and diffuse colonies showed aggregation in <5% of cells. The percentage of colonies
was calculated as the number of each of the two types of colonies (aggregated and diffuse) divided by the total
number of colonies examined for each construct. (D) Diagram of RT-PCR primer targets and the resulting RT-PCR
amplification visualized by agarose gel. Primers flanking the Q region of SWIT were used to confirm the loss of
SWIT, in the BY4741 swilA/p415TEF-SWIT, s ,Mut-YFP cells. Primers covering ACT1 were used as a positive
control. Samples labeled as + correspond to the pre-5-FOA BY4741 swilA/p415TEF-SWIT, ;;Mut-YFP cells.
Samples labeled as — correspond to the post-5-FOA BY4741 swilA/p415TEF-SWIT,_;,Mut-YFP cells. (E) Western
blot of BY4741 swilA/p415TEF-SWIT, ;Mut-YFP cells. The membrane was probed with either anti-GFP or
antiactin. Estimated molecular weights based on the sequence are listed at the right.
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FIG 4 Swil, ;; aggregates can transmit the prion fold back to Swil. (A) Diagram of the experiment. BY4741
swilA/p415TEF-SWIT,_;,Mut-YFP cells were transformed with p416TEF-SWI1,-mCherry. Transformants were
observed using fluorescence microscopy for aggregate foci or diffuse signals. (B) Fluorescence images of the
resulting BY4741 swilA/p415TEF-SWIT,_;;Mut-YFP/p16TEF-SWI1,,-mCherry cells. See Table 1 for amino acid
sequences of the mutants. Samples were imaged with the appropriate filters for Swil,_;5-YFP/Swil,_;;Mut-YFP
(1-38/1-38 Mut) and Swil, -mCherry (FL). For each construct, 3 different transformants were examined. Shown
are representative views.

Swilg (Fig. 4A). Colonies containing cells with Swil,_ssMut-YFP aggregates also displayed
Swil, -mCherry aggregates when visualized via fluorescence microscopy, and the puncta
of Swil,_3gMut-YFP and Swil,-mCherry were largely colocalized (Fig. 4B). Mutants unable
to maintain aggregation without Swilg, and thus not having aggregates to support the
transmission of a prion fold back to Swilg-mCherry, did not display any mCherry foci.
Thus, these aggregates present in the BY4741 swilA/p415TEF-SWIT,_ssMut-YFP cells could
transmit a prion fold back to Swilg, indicating that the observed Swil,_;sMut-YFP aggre-
gates are of a prion form.

To confirm the validity of these results, the yeast isolates were checked for SWIT,,
mMRNA via reverse transcription-PCR (RT-PCR) using a pair of primers in the SWIT coding
region but downstream of SWIT,_;; to verify the absence of SWIT,, expression (Fig. 3D).
We confirmed that none of the examined isolates after 5-FOA treatment contained
SWiT,, (Fig. 3D). The expression of the mutant Swil,_s; constructs was also examined
at the protein level to address the possibility that the results could be influenced by
variations in expression levels rather than the mutations. No notable differences were
observed when assessed via Western blotting (Fig. 3E). Slight variations in band loca-
tions were seen on the blot, but these differences were likely due to the changes in
the molecular weight (MW) and electrophoretic mobility due to the mutations com-
bined with a high acrylamide percentage on a gradient gel.

Loss of both phenylalanine residues disrupts de novo prion formation by
Swil,_ ;5. We next examined if these Swil,_;; mutants were able to de novo form a
prion. Our laboratory’s previous research established that Swil, ;3 can act as a bona
fide prion domain and de novo form a prion termed [SPS™] (21). To examine the ability
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of the Swil,_33 mutants to do so, we employed the widely used Sup35 assay, in which
a prion or prion-like domain of interest is attached to the MC regions of Sup35 in place
of its own prion-domain-containing N region (10, 22).

Sup35 functions normally as a translation terminator in yeast, and this function
combined with a genetic alteration to the ADET gene (adel-14) provides a useful tool
for evaluating prionogenesis (27). Under nonprion conditions, Sup35 acts as an effi-
cient translation terminator, recognizes the premature stop codon introduced with
adel-14, and prevents the creation of a necessary enzyme in the adenine synthesis
pathway. This prevention results in the buildup of an adenine precursor that provides
the yeast cells with a red hue. When prionized, Sup35 can no longer efficiently function
as a translation terminator, and readthrough of the premature stop codon results in
the production of the requisite enzyme. This situation results in the synthesis of ade-
nine and little buildup of the red adenine precursor, leading to the yeast colonies
being white or light pink.

To initialize the assay, Swil,_;; mutants were linked to Sup35,, and transformed
into W303 sup35A/p3165UP35 [PSI*] yeast provided by the Weissman laboratory
(Fig. 5A and B). After confirmation of a white-to-red color change indicating that the
Swil,_3sMut-MC fusions were functional, the SUP35 plasmid was removed via treat-
ment with 5-FOA. From there, three red isolates for each Swil,_;;Mut-MC fusion were
transformed with p4715TEF-SWIT,_;;Mut-YFP in order to provide an overexpression of
Swi1,_3sMut to induce de novo prion formation at a high rate. Additionally, we con-
firmed via Western blotting that the expression of Swil,_;sMut-MC was consistent
among the different mutants (Fig. 5E).

The majority of the Swil,_s3 constructs produced colonies with colors indicative of
prionization, e.g., white, light-pink, and sectored with multiple hues (Fig. 5C). In addi-
tion to the WT, these constructs included the single-phenylalanine mutants (F3N, F3A,
F4N, and F4A), the other single-residue mutants (L6N, L6A, T27N, T27A, T32N, and
T32A), and the threonine tract asparagine mutants (4xTN and 8xTN). When treated
with GdnHCI, the majority of nonred colonies could be reverted to red, indicating cura-
bility (data not shown). While replacing one phenylalanine with an asparagine or ala-
nine did not disrupt prion formation, replacing both phenylalanine residues (FF-NN
and FF-AA) completely abolished de novo prion formation by Swil,_;5. The aromaticity
of particular amino acid side chains may play a crucial role in nucleating the prion fold,
explaining the lack of prion formation of the FF-NN and FF-AA mutants. The 4xTA and
8XxTA mutants also led to Swi1,_s4 losing its prion-forming ability. In this case, the addi-
tion of multiple alanine residues with their small methyl side chains in what otherwise
would be a long stretch of polar residues proved deleterious, as swapping one polar
amino acid for another polar amino acid (as in 4xTN and 8 xTN) did not result in a sim-
ilar prionization impairment.

We examined the generated sup35A/p415TEF-SWIT,_;sMut-MC/p416TEF-SWIT,_;sMut-YFP
colonies for aggregation using fluorescence microscopy. There was a small number of
wholly white colonies that presented on the FF-NN, FF-AA, 4xTA, and 8xTA plates. All
such colonies were checked for aggregate formation, and none contained puncta of any
sort, indicating that they were nonprion cells containing mutations in the adenine synthetic
pathway (Fig. 5D and data not shown). On the other hand, randomly selected white, light-
pink, or sectored colonies from among all other mutants and the WT displayed aggregates
(Fig. 5D).

We treated the [SPS'] colonies with 5-FOA to select against the p416TEF-SWIT, ;4
Mut-YFP plasmid. This process removes a portion of the overexpression conditions by
theoretically halving the overall expression of SWIT,_;;Mut. After treatment with 5-FOA,
some colonies, regardless of mutation, stably maintained the [SPS*] phenotypes, while
others did not (data not shown). This result was not surprising as the higher-overexpres-
sion conditions with the p416TEF-SWIT,_;;Mut-YFP plasmid present likely supported the
maintenance of weaker variants. Thus, the inability of the double-phenylalanine mutants
to de novo form [SPS*] even under the highly favorable two-plasmid overexpression
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FIG 5 Swil, ;4 requires at least one of its phenylalanine residues for de novo prion formation. (A) Diagram of
the fusion proteins created. Swil,_;;Mut was linked to Sup35,,c via a DPGGPGGG linker to allow the use of the
Sup35 assay for de novo prion formation. (B) Diagram of the experiment. W303 sup35A/p316SUP35,, [PSI*] cells
were transformed with p415TEF-SWIT,_;,-MC (WT) or p415TEF-SWIT,_;;Mut-MC. The transformants were treated
with 5-FOA to select against cells containing the p376SUP35,, plasmid. The resulting W303 sup35A/p415TEF-
SWIT,_;sMut-MC cells were then transformed with p416TEF-SWIT,_;,-YFP (WT) or the corresponding p416TEF-
SWIT,_;sMut-YFP plasmids. Transformants were grown, spread onto —LU plates, and checked for a color change
corresponding to the prionization of the Swil,_;;Mut-MC protein. (C) Representative images of W303 sup35A/
p415TEF-SWIT,_;Mut-MC/p416TEF-SWIT,_;;Mut-YFP colonies on —LU plates. Images are representative of full-
plate images captured from 3 biological replicates. (D) Representative fluorescence images of W303 sup35A/
p415TEF-SWIT,_;Mut-MC/p416TEF-SWIT,_;;Mut-YFP yeast cells. Prion-forming constructs display aggregation
visualized from cells from white or light-pink colonies. Constructs unable to form [SPS*] (FF-NN, FF-AA, 4xTA,
and 8xTA) display diffuse signals as seen in cells from red colonies. Images are representative of multiple
examined colonies for each mutant. (E) Western blot of W303 sup35A/p415TEF-SWIT,_;,Mut-MC/p416TEF-
SWIT,_;sMut-YFP cell lysates. The membrane was probed with either anti-Sup35 or antiactin. Estimated
molecular weights based on the sequence are listed at the right.
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FIG 6 Swil,_;; no longer forms high-molecular-weight, SDS-resistant aggregates when both phenylalanine
residues are replaced. (A) Blot of SDD-AGE of BY4741 swilA/p415TEF-SWIT, s ,Mut-YFP cells with (+) or
without (—) boiling. The membrane was probed with anti-GFP to detect Swi1,_;;Mut-YFP. (B) Blot of SDD-
AGE of W303 sup35A/p415TEF-SWIT,_;,Mut-MC/p416TEF-SWIT,_;Mut-YFP cells with (+) or without (—)
boiling and W303 sup35A/p3165UP35,, cells. The membrane was probed with anti-Sup35 to detect
Swil,_;sMut-MC or Sup35,.

conditions indicates that these mutations indeed abolish the prion-forming capability of
Swil,_3g-MC.

Double-phenylalanine mutants do not form high-MW, SDS-resistant aggregates.
With aggregation, maintenance of the [SWI*] prion fold, and de novo prion formation by
Swil,_s5 being deleteriously affected by the replacement of its phenylalanine residues, we
next examined these mutants via semidenaturing detergent agarose gel electrophoresis
(SDD-AGE). This technique allows the identification of high-molecular-weight, detergent-
resistant protein aggregates. We cultivated both BY4741 swilA/p415TEF-SWIT,_;;Mut-YFP
and W303 sup35A/p415TEF-SWIT,_;gMut-MC/p416TEF-SWIT,_ssMut-YFP yeast cells to check
for such aggregates of Swil,_;sMut-YFP and Swil,_;zMut-MC, respectively.

In the presence of 2% SDS, we found that the WT Swi1,_;5-YFP protein formed a no-
ticeable smear of high-MW, SDS-resistant species when probed with anti-YFP (Fig. 6A).
Upon boiling, the high-MW species dissembled to become low-MW monomers
(Fig. 6A). The single-phenylalanine mutants (F3N, F3A, F4N, and F4A) all form a similar
smear. On the other hand, both FF-NN and FF-AA display only a faint lower banding
that corresponds to where monomeric species are found (as seen in the boiled WT
sample). These results correlate with the minimal aggregation observed in the FF-NN
and FF-AA samples and the inability of these mutants to maintain the [SWI*] fold in
the absence of Swilg,.

Similarly, high-MW, SDS-resistant forms of WT Swi1,_;;-MC were seen by SDD-AGE
(Fig. 6B). The single-phenylalanine mutants displayed much the same pattern as the
WT, and the double-phenylalanine mutants showed a signal only in the monomeric
region. This loss of high-MW, SDS-resistant species mirrored the loss of de novo prion
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formation by FF-NN and FF-AA, indicating the inability of these mutants to adopt sta-
ble prion aggregates.

DISCUSSION

Our laboratory initially discovered the [SWI*] prion and documented the existence
of the Swi1 prion domain within the protein’s N region (11, 19). Further study revealed
that Swi1,_s5 could recapitulate the aggregation phenotype of [SW/*] and function as a
bona fide prion domain (20, 21). This extreme N-terminal region is a uniquely aspara-
gine-rich but glutamine-free, small prion domain extensively demonstrated to function
in vivo for prion formation and maintenance. Investigating the functioning and charac-
teristics of Swil,_4 is important to understanding the prionization of Swi1, which regu-
lates over 15% of the yeast genome and plays a significant role in modulating yeast
multicellularity (16-18). In this study, we further dissected Swi1,_;5 and its ability to ag-
gregate, maintain the [SWI*] prion fold, and de novo form a prion.

Multiple mutants of Swi1,_5 that we created via the replacement of singular nonas-
paragine residues with either asparagine or alanine had no significant effect. Previous
work by our laboratory showed that Swil,_;;, a truncation of Swil, ;5 that did not
include T32, could still transmit the [SWI*] prion fold and form a prion when fused
with Sup35,c. The lack of necessity for this end portion of Swil,_;5 suggests that muta-
tions at this location would likely be more easily tolerated than those at other loca-
tions. Indeed, we observed that the T32N and T32A mutations maintained similarity to
the WT throughout our various assays. Interestingly, T27N and T27A also did not dem-
onstrate significant deviations from the WT in aggregation, maintenance, or prioniza-
tion. Meanwhile, the L6A mutation did not generate meaningful differences in the
functioning of Swil,_;5 as a prion domain. However, L6N displayed decreases in main-
taining the [SWI*] prion fold in the absence of Swilg. This difference between the
mutation to alanine and the mutation to asparagine may indicate that the decrease in
hydrophobicity interrupts a buried region of aggregated Swil,_sg.

The threonine tract mutants (4xTN, 4xTA, 8xTN, and 8xTA) demonstrated a di-
chotomy based on maintaining the polarity of the residues versus losing said polarity.
The 4xTN and 8xTN mutants where the tract was partially or wholly replaced with the
similarly polar, uncharged asparagine showed little variance from WT Swil,_s;.
Conversely, the 4xTA and 8xTA mutants exhibited severely reduced aggregation in
both genetic backgrounds as well as completely abolished de novo prion formation.
Threonine tracts of lengths similar to the one found in Swi1,_;5 can be found in some
adhesins or flocculins in various yeasts (28-30). In those contexts, such polythreonine
stretches are thought to be important for the formation of B-sheet structures and the
surface-binding properties of the proteins. The threonine tract of Swil, 53 may also
play a similar role for its aggregation, although the exact structure of this prion domain
has yet to be determined. However, threonine and other uncharged polar residues
such as asparagine and serine have a noted role in the promotion of aggregation and
amyloidogenesis. Thus, the threonine tract of Swil, ;3 may provide a stable core for
the formation of the high-MW, SDS-resistant species observed in this study.

Mutating the two phenylalanine residues at the beginning of Swil, ;4 resulted in a
fairly direct relationship between the number of phenylalanines and maintenance of
the [SWI*] prion fold as well as prionization. Replacing one phenylalanine residue (F3N,
F3A, F4N, and F4A) led to ~50% of colonies maintaining aggregates in the BY4741
swilA/p415TEF-SWIT,_sgMut-YFP cells (Fig. 3C), and replacing the second phenylalanine
residue (FF-NN and FF-AA) led to an almost complete loss of the prion as observed via
aggregation. If the ability of Swil,_s5 to maintain a prion fold is dependent on the aro-
maticity present in these phenylalanine residues, then perhaps the replacement of the
phenylalanine residues with other aromatic amino acids (i.e., tryptophan or tyrosine)
may have no effect versus the WT. De novo prion formation by Swil,_;;-MC also relied
on the presence of at least one phenylalanine residue, with neither FF-NN nor FF-AA
being capable of prionization. This reliance of the prionogenicity of Swi1,_s5 on a single
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amino acid residue being present belies the fact that the jump from aggregable to
prionogenic can be extremely small. Indeed, previous research found that just a small
number of mutations could lead to an existing asparagine/glutamine-rich domain to
gain prion capabilities (31). The mutations presented in that research primarily relied
on replacing nonprionogenic residues (e.g., charged amino acids) and the introduction
of hydrophobic and/or aromatic residues (e.g., phenylalanine), much the opposite of
some of the deleterious mutants produced in Swil,_s.

Given the impact of the removal of the aromatic side groups on Swil,_;5, we also
examined whether either the FF-NN or FF-AA mutation affected aggregation in the
context of longer regions, such as Swily or Swily,. However, no change in aggregation
was observed in BY4741 [SWI*] cells (data not shown). This result indicates that other
residues or regions of Swily can stand in for the loss of the two phenylalanine residues
at positions 3 and 4. Indeed, multiple aromatic amino acids can be found downstream
of Swil,_;; (i.e., positions 73, 76, 77, and 82). These other aromatic-containing residues
may indeed provide the necessary underpinning of the region’s prion-forming capacity
when the first two phenylalanine residues are replaced. Additionally, Sant’/Anna et al.
showed that a predicted amyloidogenic region (Swil,;, ,s0) can in fact form amyloid in
vitro (32). Regions such as Swil,s4_,5, likely provide any required stabilization needed
to offset the destabilization of Swil,_s,, allowing the maintenance and propagation of
the prion fold. Taken together, the presence of multiple aromatic residues and the
amyloidogenic region located downstream of the Swil, ;4 PrD suggests that [SWI™]
formation is likely a favorable event in S. cerevisiae. In this regard, it has been shown
that [SWI*] can confer fungicide resistance and tolerance to certain alcohols and can
aid yeast to adapt to environmental changes (16, 22, 33).

Intriguingly, many of the phenylalanine residues in the Swily region, those that
were mutated at positions 3 and 4 as well as those closely downstream at positions 73,
76, 77, and 82, are conserved in other Saccharomyces species (data not shown). For
example, the Swil genes in S. boulardii, S. paradoxus, and S. pastorianus all contain the
above-mentioned phenylalanine residues (34-36). The asparagine contents of the cor-
responding Swily regions across these species are highly similar (~31 to 34%),
although S. cerevisiae Swily contains a greater number of asparagine residues by raw
count. Moreover, in the case of S. boulardii, the threonine tract can also be found
within the corresponding Swil,_;; region. It should be noted that additional charged
amino acid residues present in S. pastorianus may prevent the extreme N terminus of
Swi1 from acting similarly to Swil,_s3 examined in this study. In all, we do not currently
know if Swil exhibits prionogenicity in these other species; however, the gene appears
to retain the components that likely provide the basis for prionogenicity in S. cerevisiae.
Further research may elucidate the possibility of [SWI*] existence in other species.

Although the structure of aggregated or prionized Swil,_s5 (or its various fusions) is
as yet unknown, our laboratory has previously demonstrated that Swil, can form amy-
loid. In this study, we have demonstrated that Swil,_;; forms high-molecular-weight,
SDS-resistant aggregates in the case of either Swil,_sg-YFP initially aggregated alongside
Swilg in the [SWI*] prion form or the [SPS™] prion de novo formed by Swil,_;-MC. It is
likely that these protein species visualized by SDD-AGE are of an amyloid variety as such
patterning mirrors that of larger Swil constructs, Sup35 (Fig. 6B), and other amyloid-
forming proteins.

In all, select amino acids in Swi1,_s4 are crucial for this prion domain’s ability to ag-
gregate, maintain the [SWI™] prion fold, and de novo form a prion. While the overall as-
paragine-rich composition of Swil, ;3 provides a basis for prionization, this region
depends on the presence of its two phenylalanine residues for the ability to prionize,
although these two specific residues are not vital in the context of Swily or Swilye.
The other nonasparagine residues, which are mainly threonine residues, likely maintain
the favorable uncharged, polar side chains that favor disorder but also aggregation. As
such, it remains likely that like other prionogenic proteins, Swil, ;5 and its larger
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TABLE 2 Yeast strains used in this study

Strain Background Relevant genotype Prion state  Reference or source
742 BY4741 [SWI] 11

756 BY4741 swilA/p416TEF-SWIT [SWi] 20

YJW561  W303 sup35A/SUP35:TRP1/p3165UP35,,  [PSI*][PIN*] ~ Weissman lab

iterations, Swily, Swilyg and full-length Swi1, achieve their prionogenicity largely via
overall composition.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains used in this study are listed in Table 2. The W303 sup35A/
SUP35:TRP1/p3165UP35,, strain was provided by the Weissman laboratory (University of California, San
Francisco).

Yeast cells were grown according to established protocols at 30°C in either yeast extract-peptone-
dextrose (YPD) or synthetic complete (SC) medium minus the appropriate amino acids (e.g., leucine [-L]
or leucine-uracil [-LU]) (37). When indicated, medium was supplemented with 1 g/liter 5-FOA for coun-
terselection against a URA3-carrying plasmid or with 5 mM GdnHClI for the inactivation of Hsp104 to dis-
rupt prion propagation.

Plasmid construction. Plasmids used in this study are listed in Table 3. Briefly, the p415TEF-SWIT, -
YFP plasmid (20) was used as the template to produce the various mutant SWI7,_;, plasmids via PCR. See
Table 4 for primer information. For mutations in the first portion of SWI7,_,, the mutant PCR product
was digested with Spel/Xhol for cloning back into similarly digested plasmid p475TEF-SWIT,_;,-YFP to
produce p415TEF-SWIT, ,,F3N-YFP, p415TEF-SWIT, 1F3A-YFP, p415TEF-SWIT, ,,F4N-YFP, p415TEF-SWIT, . FF-
NN-YFP, p415TEF-SWIT,_;sFF-AA-YFP, p415TEF-SWIT,_;,L6N-YFP, and p415TEF-SWIT,_;,L6A-YFP. For mutations
in the middle of SWIT,_;, the mutant PCR product was cloned back into p415TEF-SWIT,_,,-YFP via Sacl/
Xhol sites to produce p415TEF-SWIT,_, 4xTN-YFP, p415TEF-SWIT,_;Ax TA-YFP, p415TEF-SWIT,_,,8x TN-YFP,
and p415TEF-SWIT,_,,8x TA-YFP. For mutations in the back portion of SWIT,_,, the mutant PCR product
was cloned back into p4715TEF-SWIT,_,,-YFP via the Sacl/BamHI sites to produce p415TEF-SWIT,_;,T27N-YFP,
P415TEF-SWIT, ,,T27A-YFP, p415TEF-SWIT, ,,T32N-YFP, and p415TEF-SWI1, ,,T32A-YFP. To produce the col-
lection of mutant p416TEF-SWIT,_;-YFP plasmids, the mutant SWI1,_,-YFP was cloned from the respective
p415TEF-SWIT,_;,-YFP plasmids and into p416TEF via Spel/Xhol sites.

The p415TEF-SWIT,_;-MC plasmid was produced by PCR amplifying SWI1,_;, from p415TEF-SWIT,_,-YFP
with the Spel-SWI1,_;; For and SWI1,_,;-BamHI-Linker Rev primers and PCR amplifying MC from p316SUP35,,
with the Linker-SUP35,,. For and SUP35,,-Xhol Rev primers. These two PCR products were then linked by
using a mixture of both as the template and the Spel-SWI1,_, For Short and SUP35,,-Xhol Rev Short primers,
producing the full-length SWI1,_;,-Linker-MC product where the DPGGPGGG linker contains a BamHI site.
SWI1,_4-Linker-MC was subsequently cloned into p415TEF via Spel/Xhol sites. The collection of mutant
p415TEF-SWIT,_;-MC plasmids was generated by cloning the mutant SWIT,_;, from the respective p4715TEF-
SWIT,_;5-YFP plasmids into p415TEF-SWIT,_;-MC via Sacl/BamHI sites.

Site-directed mutagenesis. The suite of SWI7,_;; mutants was produced via the incorporation of
base substitutions in PCR primers (Table 4) and the usage of p415TEF-SWIT,_,.-YFP as the template. All
PCRs were conducted using PrimeSTAR HS DNA polymerase (TaKaRa Bio, Mountain View, CA, USA)
according to the manufacturer's recommended protocols. Custom primers were ordered from
Integrated DNA Technologies (Coralville, IA, USA), and annealing temperatures were estimated via the
Integrated DNA Technologies OligoAnalyzer tool.

Yeast transformation. Yeast cells were transformed as previously described (37). In brief, cells were
spun down at 2,500 rpm for 3 min, the supernatant was removed, and cells were resuspended in 1 ml
H,0. Cells were then spun down again at 2,500 rpm for 3 min, the supernatant was removed, and cells
were resuspended in 1 ml of 0.1 M lithium acetate. After 10 min, the cells were pelleted again, the super-
natant was removed, and cells were resuspended in 100 ul of Li-PEG (0.1 M lithium acetate, 30% poly-
ethylene glycol 3350 in H,0). From this mixture, 94.5 ul of resuspended cells was combined with 3.5 ul
of single-stranded DNA (ssDNA) and 2.0 ul of the appropriate plasmid. The transformation mixture was
then incubated at 42°C for 30 min. Thereafter, the transformation mixture was moved to ice for 5 min
before spreading onto the appropriate selective medium.

Microscopy. Images were captured using a Zeiss Axiovert 200 epifluorescence microscope with an
attached camera and AxioVision AC software (Zeiss, Oberkochen, Germany). Cell samples were visualized
with a 100x objective and the appropriate filters for differential interference contrast (DIC), mCherry, or
yellow fluorescent protein (YFP). Images were analyzed using Fiji software (38, 39).

RT-PCR. Yeast samples for RT-PCR were grown overnight in selective medium (3 ml). The next day,
the cultures were spun down at 2,500 rpm for 5min, and the medium was removed. The cell pellet was
resuspended in 1 ml of H,O before spinning down again at 2,500 rpm for 5min. The supernatant was
once again removed, and the pellet was resuspended in 600 ul of RLT buffer from the Qiagen RNeasy
minikit (Qiagen, Hilden, Germany). The resuspended cells were transferred to a screw-cap tube with
silica beads, and additional RLT buffer was added to fill the tube to maximum. A Mini-Beadbeater 16
instrument (BioSpec Products, Bartlesville, OK, USA) was used to lyse the suspended cells by beating five
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TABLE 3 Plasmids used in this study

Molecular and Cellular Biology

Plasmid Marker Replicon Promoter Use Reference or source
p415TEF-SWIT,_54-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swil,_;5-YFP 20
p415TEF-SWIT,_3sF3N-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;sF3N-YFP This study
p415TEF-SWIT, j,F3A-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swil, ,,F3A-YFP This study
p415TEF-SWIT,_;sFAN-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;sF4N-YFP This study
p415TEF-SWIT,_;sF4A-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;sF4A-YFP This study
p415TEF-SWIT,_;sFF-NN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of SwiT,_;;FF-NN-YFP This study
p415TEF-SWIT,_;sFF-AA-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;;FF-AA-YFP This study
p415TEF-SWIT,_;sL6N-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;sL6N-YFP This study
p415TEF-SWIT,_3,L6A-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;;,L6A-YFP This study
p415TEF-SWIT,_;44 < TN-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;;4 xTN-YFP This study
P415TEF-SWIT,_;s4 < TA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi,_;;4 xTA-YFP This study
p415TEF-SWIT,_3,8 < TN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;,8 xTN-YFP This study
p415TEF-SWIT,_;,8 < TA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil,_;,8 xTA-YFP This study
p415TEF-SWIT, ;,T27N-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swil, ,,T27N-YFP This study
p415TEF-SWIT,_3,T27A-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;,T27A-YFP This study
p415TEF-SWIT,_5sT32N-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;,T32N-YFP This study
P415TEF-SWIT, 4, T32A-YFP LEU2 CENG6/ARSH4 TEF1 Expression of Swil, ,,T32A-YFP This study
p415TEF-YFP LEU2 CEN6/ARSH4 TEF1 Expression of YFP 18
p416TEF-SWIT,, URA3 CEN6/ARSH4 TEF1 Expression of Swi1l 1
p416TEF-SWI1.,-mCherry URA3 CEN6/ARSH4 TEF1 Expression of Swil-mCherry 20
p416TEF-SWIT,_;5-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil,_;5-YFP This study
p416TEF-SWIT,_;sF3N-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;sF3N-YFP This study
p416TEF-SWIT,_;sF3A-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swi1,_;sF3A-YFP This study
p416TEF-SWIT,_;,F4N-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;sF4N-YFP This study
p416TEF-SWIT,_3sF4A-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;;F4A-YFP This study
p416TEF-SWIT,_;sFF-NN-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;sFF-NN-YFP This study
p416TEF-SWIT,_;,FF-AA-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;;FF-AA-YFP This study
p416TEF-SWIT,_;,L6N-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swi1,_;sL6N-YFP This study
p416TEF-SWIT,_;,L6A-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil,_;;L6A-YFP This study
p416TEF-SWIT,_;44 < TN-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil,_ ;34 xTN-YFP This study
p416TEF-SWIT,_;;4 < TA-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swil,_;;4 xTA-YFP This study
P416TEF-SWIT, 1,8 TN-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swil, .8 xTN-YFP This study
p416TEF-SWIT, 3,8 < TA-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;,8 xTA-YFP This study
p416TEF-SWIT,_5,T27N-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swi1,_;,T27N-YFP This study
P416TEF-SWIT, 4, T27A-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swil, ,,T27A-YFP This study
p416TEF-SWIT,_;,T32N-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swi1,_;,T32N-YFP This study
p416TEF-SWIT,_;,T32A-YFP URA3 CENG6/ARSH4 TEF1 Expression of Swil,_;;T32A-YFP This study
p415TEF-SWIT,_35-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil,_;5-MC This study
p415TEF-SWIT, ;iF3N-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swil,_,F3N-MC This study
p415TEF-SWIT,_;4F3A-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swil,_;sF3A-MC This study
p415TEF-SWIT,_3sF4N-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;5F4N-MC This study
p415TEF-SWIT,_3sF4A-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil,_;;F4A-MC This study
p415TEF-SWIT,_;sFF-NN-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;sFF-NN-MC This study
p415TEF-SWIT,_;sFF-AA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;sFF-AA-MC This study
p415TEF-SWIT,_3sL6N-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi,_;sL6N-MC This study
p415TEF-SWIT,_;,L6A-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swi,_;,L6A-MC This study
P415TEF-SWIT,_;64x TN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;s4xTN-MC This study
p415TEF-SWIT,_354 < TA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;;4xTA-MC This study
p415TEF-SWIT,_;48 x TN-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;38 xTN-MC This study
p415TEF-SWIT, 18X TA-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swil, 4,8 xXTA-MC This study
p415TEF-SWIT, ;s T27N-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swil, ,,T27N-MC This study
p415TEF-SWIT,_3,T27A-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swi1,_;,T27A-MC This study
p415TEF-SWIT, ;3 T32N-MC LEU2 CENG6/ARSH4 TEF1 Expression of Swil, ,,T32N-MC This study
p415TEF-SWIT,_3,T32A-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swi1,_;,T32A-MC This study
p316Sup35,, URA3 CENG6/ARSH4 SUP35 Expression of Sup35 Weissman lab

times in 1-min intervals, with resting on ice for 1 min in between. Tubes were spun down at 8,000 x g

for 15s.

The clarified lysates were transferred to microcentrifuge tubes, and thereafter, the Qiagen RNeasy
minikit protocol was followed. The RNA concentration was quantified using a Take3 microvolume plate
with a Synergy HT plate reader and Gen5 software (BioTek, Winooski, VT, USA). The corresponding cDNA
was synthesized using the SuperScript Il first-strand synthesis system (Invitrogen, Carlsbad, CA, USA).
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Resulting plasmid or

Primer Sequence (5'-3’) description?

Swil F3N For AGAACTAGTATGGATAACTTTAATTTGAAT p415TEF-SWIT,_3sF3N-YFP
Swil F3A For AGAACTAGTATGGATGCCTTTAATTTGAAT p415TEF-SWIT,_3,F3A-YFP
Swil F4N For AGAACTAGTATGGATTTCAACAATTTGAAT p415TEF-SWIT,_;,FAN-YFP
Swil F4A For AGAACTAGTATGGATTTCGCCAATTTGAAT p415TEF-SWIT,_;,F4A-YFP

Swil FF-NN For

Swil FF-AA For

Swil L6N For

Swil L6A For

Swil 4xTN For

Swil 4xTN Rev

Swil 4xTA For

Swil 4xTA Rev

Swi1l 8xTN For

Swil 8xTN Rev

Swil 8xTA For

Swil 8xTA Rev

Swil T27N Rev

Swil T27A Rev

Swil T32N Rev

Swil T32A Rev
pP415TEF-SWIT,_54-YFP For
p415TEF-SWIT,_;5-YFP Rev
p415TEF-SWIT,_34-YFP For 4 x
P415TEF-SWIT,_;5-YFP Rev 4 x

p415TEF-SWIT, ,,-YFP For 4x HT
p415TEF-SWI1,_,,-YFP Rev 4x HT

Spel-SWI, _;4 For
SWI,_;g-BamHlI-Linker Rev
Linker-SUP35,, For
SUP35,,-Xhol Rev
Spel-SWI,_;5 For Short
SUP35,,-Xhol Rev Short
SWI1 SRT For

SWI1 SRT Rev

ACT1 RT For

ACT1 RT Rev

AGAACTAGTATGGATAACAACAATTTGAAT
AGAACTAGTATGGATGCCGCCAATTTGAAT
ACTAGTATGGATTTCTTTAATAACAATAATAATAATAATAATAATAATACTACTACT
ACTAGTATGGATTTCTTTAATGCGAATAATAATAATAATAATAATAATACTACTACT
ACTACTAACAACAACAACAATAACAATAATACTAATAATAATAATACT
GTTATTGTTGTTGTTGTTAGTAGTAGTAGTATTATTATTATTATTATTATTATTCAA
ACTACTGCAGCAGCAGCAAATAACAATAATACTAATAATAATAATACT
GTTATTTGCTGCTGCTGCAGTAGTAGTAGTATTATTATTATTATTATTATTATTCAA
AATAATAACAACAACAACAACAACAACAACAATAACAATAATACT
GTTGTTGTTGTTGTTGTTATTATTATTATTATTATTATTATTCAA
AATAATGCAGCAGCAGCAGCAGCAGCAGCAAATAACAATAATACT
TGCTGCTGCTGCTGCTGCATTATTATTATTATTATTATTATTCAA
GGTGGATCCGGATTATTATTATTATTAGTATTATTATTATTATTATTATTGTTATTGGT
GGTGGATCCGGATTATTATTATTATTAGTATTATTATTATTAGCATTATTGTTATTGGT
GGTGGATCCGGATTATTATTATTATTGTTATTATTATTATTAGT
GGTGGATCCGGATTATTATTATTATTAGCATTATTATTATTAGT
TTATCTACACGACGGGGAGTCA

AATGTAAGCGTGACATAACTAATTACATGA

CAAGACGATAGTTACCGGATAAGG

TGGATTTTGATGTAATTGTTGGGATTC

AAGACGATAGTTACCGGATAAGGCGCA
AGAATAGACCGAGATAGGGTTGAGTGTTGT
GGTTCAAGCTATGCGTCAGACCCCGTAGAAAAGATCAAAGG

ACCACCACCAGGACCACCTGGATCCGGATTATTATTATTATTAGTATTATTATTATTAGT

GGTGGTCCTGGTGGTGGTATGTCTTTGAACGACTTTCAAAAGC
CTGCGAGCCCTCGAGTTACTCGGCAATTTTAACAATTTTACCAATTGCT
TCAGACCCCGTAGAAAAGATCAAAGG

CTGCGAGCCCTCGAGTTACTC

TCTAACTCTACTCCGAATGCAAATC
ACGTTGATATTAATATTGCTATTCAAGCT
TTGGTTATTGATAACGGTTCTGGTATG
GGTGAACGATAGATGGACCACTT

p415TEF-SWIT,_;sFF-NN-YFP
p415TEF-SWIT,_;sFF-AA-YFP
p415TEF-SWIT,_;,L6N-YFP
p415TEF-SWIT,_;,L6A-YFP
p415TEF-SWIT,_;44x TN-YFP
p415TEF-SWIT,_;44 < TN-YFP
p415TEF-SWIT,_344 < TA-YFP
p415TEF-SWIT,_ ;44 < TA-YFP
p415TEF-SWIT, 1,8 X TN-YFP
p415TEF-SWIT,_3,8 < TN-YFP
p415TEF-SWIT,_;,8 x TA-YFP
P415TEF-SWIT, ;8 X TA-YFP
p415TEF-SWIT, ;s T27N-YFP
p415TEF-SWIT,_;sT27A-YFP
p415TEF-SWIT,_;5T32N-YFP
p415TEF-SWIT, 1, T32A-YFP
Multiple SWIT,_;, mutants
Multiple SWIT,_;, mutants
Multiple SWI1,_;, mutants
Multiple SWIT,_;, mutants
Multiple SWIT,_;, mutants
Multiple SWI1,_;, mutants
p415TEF-SWIT,_54-MC
p415TEF-SWIT,_;5-MC
p415TEF-SWIT, 45-MC
p415TEF-SWIT,_5-MC
p415TEF-SWIT, 4-MC
p415TEF-SWIT,_5-MC

NA

NA

NA

NA

aNA, not applicable.

The resulting cDNA was immediately used for PCR using the SWIT SRT For and Rev primers and the

ACT1 RT For and Rev primers.

SDS-PAGE. Yeast samples for SDS-PAGE were grown overnight in selective medium (3 ml) and pre-
pared via alkaline lysis similarly to a method previously described (40). The following day, the optical
density at 600 nm (OD,,,) of the cultures was measured, and a volume of culture equal to an OD,,, of
2.0 was transferred to a microcentrifuge tube. Cells were pelleted at 13,000 rpm for 1 min, the medium
was removed, and the cells were washed with 500 ul of ice-cold water before being pelleted again. The
washed cell pellet was resuspended in 200 ul of 0.1 M NaOH and incubated at room temperature for 10
min. After another centrifugation step at 13,000 rpm for 1 min, the pellet was resuspended in 50 ul of
2x Laemmli buffer (Bio-Rad, Hercules, CA, USA). Samples were boiled for 10 min prior to loading onto a
4 to 20% Mini-Protean TGX precast protein gel (Bio-Rad, Hercules, CA, USA). After the completion of elec-
trophoresis, samples were transferred to a polyvinylidene difluoride (PVDF) membrane using an iBlot dry
blotting system (Invitrogen, Carlsbad, CA, USA).

SDD-AGE. Yeast samples for SDD-AGE were grown overnight in selective medium (3 ml) and pre-
pared similarly to a method previously described (41). The next day, the culture was diluted into a
larger volume of selective medium (30 ml total) and grown over approximately 4 h at 30°C with shak-
ing at 225 rpm. Yeast was harvested afterward by spinning down at 2,500 rpm for 5 min. The medium
was removed, and the resulting cell pellet was washed with 10 ml of H,O. After another spin down,
the H,0 was removed, and 800 ul of cell lysis buffer (50 mM Tris-HCI [pH 7.5], 50 mM KCI, 10 mM
MgCl,, 5% glycerol, 10 mM phenylmethylsulfonyl fluoride [PMSF], cOmplete Mini protease inhibitor
cocktail [Roche, Basel, Switzerland]) was added. The cell suspension was transferred to a 2.0-ml
screw-cap tube filled halfway with silica beads, and additional cell lysis buffer was added to fill the
tube to maximum. A Mini-Beadbeater 16 instrument was used to lyse the suspended cells by beating
five times in 1-min intervals, with resting on ice for 1 min in between. The resulting samples were

then used for SDD-AGE.
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SDD-AGE was conducted as described previously (42). Briefly, yeast lysates were first mixed with 4x
Laemmli sample buffer (2x Tris-acetate-EDTA [TAE], 20% glycerol, 8% SDS, 0.1% bromophenol blue).
Samples were either incubated at room temperature for 7 min or boiled for 10 min. Samples were
loaded onto 1.5% agarose-0.1% SDS gels. After the completion of electrophoresis, samples were trans-
ferred to a PVDF membrane using capillary action and 1x Tris-buffered saline (TBS).
Immunoblotting. Membranes were blocked via incubation in 5% milk in phosphate-buffered saline
(PBS) at either 4°C overnight or room temperature for 2 h. Blots were washed three times for 5 min with
PBS plus 0.01% Tween 20 before probing with primary antibody for 2 h at room temperature. The follow-
ing primary antibodies were used for detection: JL-8 anti-green fluorescent protein (anti-GFP) antibody
(Clontech, Mountain View, CA, USA), anti-Sup35 antibody (gift from the Liebman laboratory, University
of Nevada, Reno, NV, USA), or antiactin antibody clone C4 (Chemicon, Temecula, CA, USA). All primary
antibodies were used at a 1:2,500 dilution. Blots were washed three times for 5 min with PBS plus 0.01%
Tween 20 before probing with horseradish peroxidase-conjugated rat anti-mouse secondary antibody
(Cell Signaling Technology, Danvers, MA, USA) for 1h at room temperature. Blots were washed three
times for 5 min with PBS plus 0.01% Tween 20 before incubation with the Clarity Western ECL substrate
(Bio-Rad, Hercules, CA, USA). Blots were imaged using a ChemiDoc imaging system (Bio-Rad, Hercules,
CA, USA).
De novo prion formation assay. W303 sup35A/p316SUP35,, [PSI*] cells were independently trans-
formed with each of the p415TEF-SWIT,_,,-MC wild-type and mutant constructs. Transformants were
grown on —LU medium, and a color change to red was observed, indicating that the fusion proteins
were functional in translational termination. Three red colonies were selected for each construct and
streaked onto —L medium plus 5-FOA to select against p3765UP35,,. The resulting colonies were
selected and restreaked onto both —L and —LU media to confirm the loss of p376SUP35,,. Afterward,
three different colonies from each of the three sup35A/p415TEF-SWIT,_;,Mut-MC isolates were trans-
formed with the corresponding p416TEF-SWIT,_;,Mut-YFP plasmids. The resulting plates of sup35A/
p415TEF-SWIT,_;Mut-MC/p416TEF-SWIT,_;;Mut-MC colonies were then checked for coloration and aggre-
gation via fluorescence microscopy.
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