Nucleation seed size determines amyloid clearance and
establishes a barrier to prion appearance in yeast
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Abstract:

Amyloid appearance is a rare event that is promoted in the presence of other aggregated proteins.
These aggregates were thought to act by templating the formation of an assembly-competent
nucleation seed, but we find an unanticipated role for them in enhancing the persistence of
amyloid after it arises. Specifically, Saccharoymyces cerevisiae Rnql amyloid reduces
chaperone-mediated disassembly of Sup35 amyloid, promoting its persistence in yeast.
Mathematical modeling and corresponding in vivo experiments link amyloid persistence to the
conformationally defined size of the Sup35 nucleation seed and suggest that amyloid is actively
cleared by disassembly below this threshold to suppress appearance of the [PSI"] prion in vivo.
Remarkably, this framework resolves multiple known inconsistencies in the appearance and
curing of yeast prions. Thus, our observations establish the size of the nucleation seed as a
previously unappreciated characteristic of prion variants that is key to understanding transitions

between prion states.



The appearance of amyloid in vivo is associated with physiological changes ranging from
the emergence of incurable neurodegenerative disease to the establishment of alternative and
heritable gene expression states.! While the conformational basis of these phenomena are
intriguing, the true significance of this process is its capacity to create dynamic phenotypes,
which can arise and be lost within the lifetime of an organism.! Despite the impact of these
transitions, our understanding of the biochemical processes limiting amyloid appearance and
clearance in vivo, both extremely rare events, lags considerably far behind.>?

At the biochemical level, amyloid formation is a multi-step process in which non-native
conformers of proteins arise and assemble into kinetically stable, linear aggregates with cross-3
structure.? Once these aggregates appear, they act as templates for further assembly, and such
templating capacity is amplified by growth to increase the surface area for lateral assembly
and/or by fragmentation to create new ends for extension.*” The barrier to amyloid formation in
vitro 1s the assembly of a nucleus of minimum defined size, which represents a local turning
point demarcating the transition from thermodynamically unfavored to favored associations.?
The concentration dependence of the nucleation process is thought to be the major factor limiting
the spontaneous appearance of amyloid in vivo.® Once formed, the nucleus rapidly incorporates
additional monomers, leading to the formation of a thermodynamically stable aggregate of
minimum size 7y, previously termed the minimum nucleation seed,!? and hereafter referred to as
“seed” (Fig. 1a). Aggregates below the size of this seed spontaneously disassemble, returning
protein to the soluble state (Fig. 1a, orange species).

Despite this barrier, the frequency of amyloid appearance from yeast to man is elevated
during aging and stress, likely due in part to the presence of other misfolded and aggregated
proteins or amyloids.'!"'® A well-characterized and experimentally tractable example of this

effect, known as proteostasis collapse, is the appearance of the yeast prion [PSI*], which is



determined by the amyloid form of the Sup35 protein.!”23 [PSI*] can arise spontaneously or
following transient overexpression of Sup35 but only in yeast strains propagating the [PIN*]
(inducible to [PSI"]) prion, which is most often determined by the amyloid form of the Rnq1
protein.'3 1426 The favored model suggests that Rnql amyloid acts as a heterologous template for
the direct assembly of Sup35 seeds in vivo. However, key predictions of this model, including a
link between the frequency of [PSI"] appearance and either the accumulation of Rnql amyloid or
its association with Sup35, have not been demonstrated.> More generally, while direct
interactions between amyloidogenic proteins are thought to occur,?’ the specificity of amyloid
co-polymerization and cross-seeding is seemingly incompatible with the broad range of proteins
that intersect during proteostasis collapse. Thus, this promotion of amyloid formation could
occur through other currently unexplored pathways.!3-1528-30

Indeed, quantitative analyses of amyloid dynamics in vivo for both yeast and mammalian
prions suggest several additional points of potential regulation. Specifically, the phenotypic
appearance of a stable amyloid state requires that, once a seed is formed, it persists, amplifies
and faithfully transmits to reach its steady-state accumulation in an organism.**'-32 Disruption of
any of these steps, including seed formation itself, results in the same observable outcome: the
failure to acquire the amyloid-associated phenotype. Consistent with this idea, the frequency and
variant of prion appearing in yeast and mammals following introduction or spontaneous
formation of amyloid can be modified by inoculation routes or timing and selection conditions,
indicating regulation after seed formation.!®3%-3¢ These observations raise the possibility that
misfolded and aggregated proteins or amyloids can act at regulatory steps subsequent to seed
formation to promote amyloid appearance by other proteins, an idea that has been largely

untested.’



Here, we demonstrate that the [PIN"] prion can act after seed formation to promote [PS/]
appearance by titrating the binding of the molecular disaggregase Hsp104 to Sup35 amyloid.
Unexpectedly, we link the alternative outcomes of this interaction — clearance of amyloid or
transition to a stable amyloid state — to a previously unappreciated characteristic of prion
conformational variants: the size of the seed. We demonstrate that differences in seed size are
crucial to mechanistically capture prion appearance and curing and permit the resolution of
previously confounding observations for prion transitions in yeast.

Results
[PIN*] promotes [PSI'] appearance subsequent to Sup35 seed formation

To explore the impact of [PIN*] on events subsequent to seed formation, we assessed
[PSI"] appearance following the transfection of in vitro assembled amyloid fibers of the Sup35
prion-determining domain (NM; aa 1-254)!? into yeast. This approach bypasses the requirement
for de novo seed formation and does not require [PIN*].37-*® Previous studies suggested that
delivery of a single amyloid fiber was sufficient to convert yeast from the [psi'] (non-prion) to
the [PSI*] state.*! We repeated this analysis by transfecting non-prion yeast ([psi][pin’]) or
those with the [PIN"] prion alone with amyloid fibers assembled from two different conformers
of Sup35, Sc4 and Sc37 (n.b. Sc4 is fragmented at a higher rate than Sc37).3” We then compared
the fit of the concentration-dependence of [PSI*] appearance to models using one to three fibers
(see Supplementary Note 1) as has been previously done.>* Although the [PIN*] and [pin]
conditions were best fit to the one fiber model for both Sc4 and Sc37 amyloid (Extended Data
Fig. 1), these fits required a distribution of transfection efficiencies with different means (1) for
[PIN*] and [pin] strains (Supplementary Table 1). As transfection efficiencies are not predicted
to vary with prion state, this distinction reveals the contribution of another, currently unknown

factor beyond the uptake of a single fiber to the establishment of a stable prion state.



Intriguingly, [PIN*] had minimal impact on the concentration-dependent appearance of
[PSI"] using Sc4 amyloid (Fig. 1b) but promoted [PSI*] appearance at lower concentrations of
Sc37 amyloid (Fig. 1c). The positive impact of [PIN*] following delivery of pre-formed Sc37
amyloid indicates a role for this factor in [PSI*] appearance at a step subsequent to seed

formation.

[PIN*] titrates Hsp104 activity on Sup35 amyloid to promote [PSI"] appearance

Our previous studies revealed that existing Sup35 amyloid is cleared from cells with an
elevated rate of fragmentation catalyzed by the molecular chaperone Hsp104 and its co-
chaperones Hsp70 (Ssal/2) and Hsp40 (Sis1).2%3%45 We reasoned that during seed formation,
chaperone levels would far exceed those of amyloid, potentially creating a situation in which a
nascent seed is cleared before growth and fragmentation amplifies this form to establish a stable
prion state. To test this idea, we genetically reduced the level of Hsp104, the final actor in the
chaperone cascade leading to amyloid fragmentation, by creating a heterozygous disruption and
compared the appearance of [PSI"] following transfection of Sc37 amyloid fibers into
HSP104/HSP104 or HSP104/A diploid yeast strains in the presence or absence of [PIN*]. In the
[pin7] strain, heterozygous disruption of HSP104 promoted [PSI"] appearance at slightly lower
concentrations of Sc37 amyloid relative to wildtype (Fig. 1d), mirroring the effect of [PIN]
albeit at a slightly lower magnitude (Fig. 1¢). In the [PIN"] strain, this effect was reversed:
[PSI"] appearance occurred at slightly higher concentrations of Sc37 amyloid relative to
wildtype in a strain with a heterozygous disruption of HSP104 (Fig. le).

What is the basis of this effect? Rnql amyloid is a substrate of Hsp104.264¢ If Rnql
amyloid competes with nascent Sup35 seeds for access to Hsp104, the rate of disassembly of

Sup35 seeds through fragmentation would be reduced, perhaps allowing it to persist and be



amplified. When this reduction is mild (i.e. the presence of [PIN*] alone), [PSI*] appearance is
promoted because the balance is optimized: nascent Sup35 seeds persist and are amplified at a
rate that sustains amyloid in the population of dividing cells. However, when this reduction is
more pronounced, [PSI"] appearance is slightly reduced (i.e. heterozygous disruption of HSP104
alone) or inhibited (i.e. the combination of heterozygous disruption of HSP104 and [PIN"])
relative to the presence of [PIN*] alone, presumably because the rate of amplification of amyloid
aggregates by fragmentation is decreased to a level insufficient to sustain the prion state in a
dividing population of cells.

If this hypothesis is accurate, [PIN*] should reduce the fragmentation of existing Sup35
amyloid as well. We tested this idea using yeast strains with naturally occurring [PS/*] variants
known as [PSIT]3""e (~[PSI*]5¢4) and [PSIT]Veak (~[PSI]3¢*7)3147, Heterozygous disruption of
HSP104 in a [PSIT]3""¢ strain (Extended Data Fig. 1a) induced a slight increase in the steady-
state size of Sup35 amyloid by semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE) and immunoblotting (Fig. 1f) but did not alter the fraction of aggregated Sup35 (Fig. 1g)
or total Sup35 levels (Extended Data Fig. 1b), suggesting a minor reduction in fragmentation
efficiency.?? Notably, homozygous disruption of RNQI (Extended Data Fig. 1¢), which
eliminates [PIN*],!>'* did not alter this effect (Fig. 1f), consistent with the insensitivity of [PSI*]
appearance to the presence of [PIN*] upon transfection of Sc4 amyloid (Fig. 1b). In contrast,
heterozygous disruption of HSP104 (Extended Data Fig. 1a) severely inhibited the propagation
of [PSI*]Ve in the presence of [PIN*], strongly reducing the accumulation of aggregates and
increasing the fraction of soluble Sup35 (Fig. 1g, h) without altering total Sup35 levels
(Extended Data Fig. 1b). Strikingly, elimination of [PIN*] by homozygous disruption of RNQ1
(Extended Data Fig. 1¢) reversed the impact of heterozygous disruption of HSP104 on [PSI*]Vek

propagation by restoring the accumulation of Sup35 aggregates (Fig. 1h) and partially reducing



the fraction of soluble Sup35 (Fig. 1g). This effect can be explained by an increase in
fragmentation rate, as Sup35 aggregates shifted to a faster migrating species in a strain with a
wildtype complement of HSP104 and a homozygous disruption of RNQI (Fig. 1h). These
observations again paralleled the effects of similar manipulations on [PS/ "] appearance upon
transfection of Sc37 amyloid (Fig. 1d, e). Thus, the fragmentation defect induced by
heterozygous disruption of HSP104 is exacerbated by [PIN*], consistent with the idea that Rnq1
and Sup35 amyloid compete for access to Hsp104. Notably, the presence of [PSI"] did not alter
the accumulation or size of Rnql amyloid as previously reported*® even in a strain with a
heterozygous disruption of HSP104 (Fig. 2a), indicating that Hsp104 is limiting for [PS/*] but
not [PIN*] fragmentation when both prions are present.

To determine if changes in Hsp104 levels could similarly modulate [PS] appearance
under conditions requiring formation of Sup35 amyloid seeds de novo, we transiently
overexpressed NM from a copper-inducible promoter in wildtype or HSP104/A [psi] [PIN]
strains (Extended Data Fig. 2a). As determined by a fluctuation test,*® [PSI*] appeared at a rate
of 1.8 x 1077 cells per generation in a wildtype strain, representing an approximately 3-fold
increase over the uninduced control (Fig. 2b). Heterozygous disruption of HSP104 significantly
increases this rate, by ~ 2.3 fold (Fig. 2b) without altering total Sup35 levels (Extended Data Fig.
2b). This enhancement is likely an underestimate, as the heterozygous disruption of HSP104
promoted a low rate of [PSI*] loss (Extended Data Fig. 2¢). Importantly, heterozygous disruption
of HSP104 does not impact [PIN*] propagation directly: the size of SDS-resistant (Fig. 2a) and
native (Fig. 2c) Rnql aggregates, the accumulation of total and soluble Rnql protein (Fig. 2d),
and the number of heritable Rnq1 particles (Fig. 2¢), were all similar in wildtype and HSP104/A
strains. Thus, wildtype Hsp104 levels restrict the appearance of [PS/*] not only following

transfection of amyloid (Fig. 1d) but also during its de novo formation.



If fragmentation does reduce [PSI"] appearance through disassembly of newly formed
Sup35 amyloid, this effect should be exacerbated in the presence of excess Hsp104. Previous
studies have reported that co-overexpression of Hsp104 and NM-GFP or full-length Sup35
reduced [PSI*] appearance.’®->? To quantitatively examine the impact of Hsp104 overexpression
on de novo [PSI'] appearance in a more controlled setting, we overexpressed NM in a [PIN]
strain expressing an extra copy of HSP104 (Extended Data Fig. 2a), which did not alter the
expression of full-length Sup35 (Extended Data Fig. 2b), and quantified the rate of [PSI"]
appearance using a fluctuation test. Indeed, the rate of [PSI"] appearance was reduced by ~2.7-
fold in the presence of excess Hsp104 relative to a wildtype strain (Fig. 2b). This effect could not
be fully explained by the reduced stability of existing [PS/*] under the same conditions (~1.2-
1.9-fold loss, Extended Data Fig. 2¢), suggesting that excess Hsp104 also reduces prion
appearance as predicted by our model.

Taken together, our observations indicate that Hsp104 levels impose a biologically
relevant and [PIN*]-dependent limit on the appearance of a stable [PSI "] state after the formation
of a Sup35 seed. If [PIN*] indeed acts by competing with [PSI"] for Hsp104, we would expect
Hsp104 binding to Sup35 amyloid to increase upon elimination of [PIN*]. To test this idea, we
expressed HA-tagged NM in [PIN*] and [pin’] strains propagating either the [PSI]3"" or
[PSI*]Vek prion variants, quantitatively immunocaptured the tagged protein and the co-
aggregated full-length Sup35, and assessed Hsp104 binding by SDS-PAGE and
immunoblotting. While previous qualitative observations did not capture [PIN*]-dependent
differences in chaperone binding to Sup35,°* our optimized conditions revealed that Hsp104
binding to Sup35 aggregates in a [PSI*]5"°"¢ strain increased by ~12% when [PIN'] was
eliminated (Fig. 2f, Extended Data Fig. 2d), providing direct evidence of competition.

Remarkably, the loss of [PIN"] had an even greater effect on Hsp104 binding to Sup35



aggregates in a [PSIT]We* strain, increasing its association by ~23% (Fig. 2f, Extended Data Fig.
2d). This observation suggests that Sup35 aggregates in the [PSI*]V# conformation compete
less efficiently with Rnql aggregates in the [PIN ] strain for Hsp104 binding than Sup35
aggregates in the [PSI7]5""¢ conformation. This difference provides a direct explanation for the
enhanced sensitivity of this variant to the presence of [PIN*] in fiber transfection experiments
(Fig. 1b, c). Together, these observations indicate that [PIN"] promotes the appearance of a
stable [PSI"] state by reducing Hsp104 binding to and chaperone-mediated disassembly of Sup35

amyloid.

Prion variant-dependent differences in seed size predict sensitivity to disassembly

Our observations on [PS/"] appearance following transfection of Sup35 amyloid into
yeast (Fig. 1b-e) and our previous work studying [PSI*] curing in response to transient heat
shock® indicate that the [PSI*]Vea/[PSI*]5¢37 variant is more sensitive to clearance by
chaperone-mediated fragmentation than the [PSI7]5"¢/[ PSI"]5¢* variant. This interpretation,
however, is not consistent with the observation that the [PSIT]Wea/[PSI"]3¢37 variant has a lower
rate of fragmentation than the [PSI*]5"°"¢/[ PSI*]5¢4 variant both in vitro and in vivo.3'3>* Our
inability to reconcile these observations suggests that our understanding of the biochemical
processes balancing amyloid assembly and clearance are incomplete.

To bridge this gap, we sought to determine a minimal model for the stable propagation of
the [PSI"] phenotype by considering both deterministic and stochastic mathematical models of
Sup35 aggregate dynamics in vivo based on nucleated polymerization dynamics (Fig. 1a,
Supplementary Note 1). Nucleated polymerization dynamics model Sup35 aggregates as linear
and stable above a minimum size #; (i.e. the seed); these complexes grow bi-directionally

through the addition of monomers to their ends and can be fragmented at any monomer-
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monomer interface to create two aggregates that persist when their sizes are greater than or equal
to ns. To specifically capture the stochastic effects present when a cell contains small numbers of
amyloid aggregates,> we developed a new stochastic persistence model, which considers the
irreversible condition where a single aggregate is introduced into a cell and the probability that it
successfully creates a second aggregate greater than or equal to size n, before cell division.
Aggregates below size n,, spontaneously disassemble and thereby prohibit each cell from
inheriting an aggregate, which is the minimum requirement for stable propagation of amyloid in
a population of dividing cells.

We assessed persistence of Sup35 amyloid in our stochastic model over a broad range of
values for the conversion (f) and fragmentation () rates at a constant seed size (ny) of five. In
contrast to previous studies,*!*? this approach allows us to rigorously assess the probability of
loss of a single Sup35 aggregate as a function of fragmentation rate for the first time (Fig. 3a).
Importantly, our stochastic persistence model correctly captured the factors known to promote
[PSI"] appearance, including an increase in Sup35 expression (Extended Data Fig. 3a) and an
increase in the number of Sup35 aggregates (Extended Data Fig. 3b). Moreover, unlike previous
models®'-32 but consistent with our observations above, the stochastic persistence model captured
a decrease in the probability of [PSI*] persisting at both high and low fragmentation rates (Fig.
3a, b).

With this broad agreement of the model to experiments, we next sought to determine the
positions of the [PSI*]5"°ne/[ PSI*]5¢ and [PSI*]Vea/[PSI"]3%%7 variants in parameter space. As
was done previously, we determined conversion and fragmentation rates for each variant by
requiring that the steady-state values obtained from a deterministic model based on nucleated
polymerization dynamics agree with the average aggregate size and soluble fraction of Sup35

(Supplementary Table 2, Extended Data Fig. 3¢).3!*? These values captured both the decrease in
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aggregate size upon inhibition of Sup35 synthesis, which limits conversion and allows
fragmentation to dominate the aggregate dynamics (Extended Data Fig. 4a, b),?? and an increase
in aggregate size upon inhibition of fragmentation, which allows conversion to dominate the
aggregate dynamics (Extended Data Fig. 4c, d).*? Based on these analyses, [PSI*]5"°ne/[ PSI*]5¢4
existed at a higher fragmentation rate () than [PSIT]Vea%/[PSI"]3%37 within the stable amyloid
zone (Fig. 3b, square vs. triangle, respectively). Surprisingly, these parameter values place
[PSI7]Stong/[ PSTT]5¢ closer to the boundary between stability and instability at high
fragmentation rates than [PSIT]Weak/[PSI*]5¢37 (Fig. 3b), suggesting an increased sensitivity of
[PSIT]Stong/[ PSTT]3¢* to clearance. This mathematical prediction is incompatible with in vivo
observations of both prion appearance (Fig. 1b, ¢) and heat shock-mediated prion curing,*> which
both promote clearance of [PSIT|Weak/[PSI*]5¢37 over [PSIT]S™o¢/[ PSI ]3¢ at elevated
fragmentation rates. Thus, the biochemical rates of conversion and fragmentation, which have

been used to define prion conformational variants at steady-state,?'-3?

cannot capture their
differential behavior during prion appearance and loss, events that are key to their epigenetic
character and impact.

In classic schemes of nucleated growth such as sickle hemoglobin polymerization,
nucleus size, and thereby seed size, is a continuous value that depends on both the solution
conditions and the free monomer concentration.>® To our knowledge, amyloid seed size has not
been proposed to vary in vivo, as the same protein is expressed to the same level in the same
cellular context. Nonetheless, our mathematical modeling indicated that it could be the missing
factor needed to capture the enhanced sensitivity of [PSI*WVea/[PSI*13%7 to increased
fragmentation. Amyloid clearance by fragmentation is predicted to occur through the progressive

decrease in aggregate size until 7, is reached; at this point, further fragmentation will reduce the

aggregate below the minimal stable size and lead to rapid disassembly (Fig. 1a). Amyloid
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aggregates with a larger n; have an increased window of sensitivity to clearance by this
mechanism because they must convert a larger number of monomers to reach a size of 2, (Fig.
3c, upper boundary), which is the minimum size that could produce two stable aggregates
following a single fragmentation event. Consistent with this idea, progressive increases in seed
size are predicted to have little effect on amyloid persistence at low rates of fragmentation but
their greatest and size-dependent impact at high rates of fragmentation (Fig. 3a, white dashed
line, 3d). Thus, an amyloid aggregate with a smaller # is more robust to chaperone-mediated
disassembly and clearance.

Based on this logic, the increased sensitivity of [PSI*]Veak/[PSIT]3%7 to fragmentation-
mediated clearance could be explained if it has a larger n, than [PSI7]5"¢/[ PSI7]5¢* Indeed,

increasing n, from five to fifteen for [PSIT]Vea/[PST*]5¢37 and adjusting the conversion (f) and

fragmentation () rates to capture the appropriate steady-state aggregate size and soluble fraction
(Supplementary Table 2, Extended Data Fig. 3¢) shifted this variant to a precipice in the
stochastic persistence model, where a slight increase or decrease in fragmentation rate would
lead to [PSI"] loss (Fig. 3b, circle on right). This situation contrasts with that of the

[PSI7]Stong/[ PSTT]5¢4 variant, which is predicted to remain stable to similar perturbations (Fig. 3b,
square on left). These mathematical predictions capture the relative sensitivity of the variants to
the same manipulations in vivo.*>7 Notably, [PSI*]Veak/[PSIT]5%7 fell far from the peak
probability of amplification in the stochastic persistence model when its seed size is five (Fig. 3e,
circle), but both variants fell close to this peak at seed sizes that capture their relative sensitivities
to fragmentation (i.e. five for [PSI*]5to¢/[PSIT]3** and fifteen for [PSIT]Weak/[PSI*]5¢%7, Fig. 3e,
squares). Moreover, the peak occurred at a lower fragmentation rate for the [PSITWVeak/[ PSTT]5¢%7

than for [PSIT]3ne/[PSIT]5** (Fig. 3e), as observed in our amyloid transfection experiments (Fig.

13



1b, c). Thus, the parameters defining the two conformational variants (S, # ns) indicate that these
states are optimal for [PSI*] appearance.

While the range of seed sizes used in our modeling are consistent with the minimum sizes
previously reported for [PSI7]3""¢ and [PSI* Ve amyloid distributions,>® we cannot determine
the absolute seed size more directly because the in vitro kinetics of Sup35 amyloid assembly are
dominated by secondary nucleation events.® To experimentally interrogate these mathematical
predictions, we, therefore, determined relative seed sizes for the [PSI*]5"¢ and [PSI*]Weak
variants in vivo. Our deterministic system reveals that upon inhibition of Sup35 synthesis, the
aggregate size distribution shifted to smaller sizes but does not breach #n,, because aggregates
below this size are disassembled (Extended Data Fig. 4a, b). This shift occurred over an
extended period for [PSI7]Vea with a seed size of five (Extended Data Fig. 4e, f, g); however, the
shift is predicted to rapidly reach its full extent for [PSI*]5"¢ with seed size of five (Extended
Data Fig. 4a) and [PSI"]Ve* with a seed size of fifteen (Extended Data Fig. 4b, h), parameters
that capture the relative sensitivities of the variants to fragmentation (Fig. 3b). Thus, this
approach can be used to report on relative seed size in vivo.

We replicated this process in vivo by treating [PSIT]3"" and [PSIT]We? strains with
cycloheximide and monitoring the lower boundary of the aggregate size distribution. Sup35
aggregates in the [PSI7]5""¢ strain shifted to faster migrating species than those in the [PSI*]Veak
strain (Fig. 4a). This observation indicates that [PSI"]5"¢ has a smaller n, than [PSI*]Vek as
predicted by our stochastic persistence model, and suggests that seed size is the missing
parameter capturing the differential behavior of Sup35 conformational variants during prion

appearance and loss.

Variations in seed size resolve conundrums during prion transitions in yeast
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To determine if n, differences can explain other confounding fragmentation-mediated
[PSI] transitions, we assessed the size of the Sup35 amyloid seed for three situations. First, we
compared the seed sizes of amyloid composed of wildtype Sup35 with that composed of the
R2E1 sequence variant of Sup35. R2E1 promotes a high frequency of spontaneous [PSI"]
appearance> (Fig. 4b) but has a high rate of fragmentation,®® which are incompatible
characteristics if chaperone-mediated disassembly clears nascent Sup35 seeds. Our model
predicts that R2ZE1 amyloid persistence at this higher rate of fragmentation can only occur if the
R2EI1 seed is smaller than that of wildtype Sup35 (Fig. 3d). Indeed, R2E1 aggregates shifted to a
faster migrating species than that of wildtype Sup35 (Fig. 4¢), indicating that the mutant has a
smaller .

Second, we compared the seed sizes of the [PSIT]Ve% and [PSI7]3%37 variants. These
variants have similar in vivo phenotypes and similar kinetic stabilities, suggesting they have
similar rates of fragmentation in vivo.*> Nonetheless, [PSI7]5¢7 is lost more readily in the
presence of the G58D mutant of Sup35,*} which promotes fragmentation-mediated amyloid
clearance.** Our model predicts that the increased sensitivity of [PSI*]5¢37 to G58D expression
can only be explained by a larger seed size (Fig. 3d). Indeed, Sup35 amyloid from the [PSI*]WVeak
strain shifted to a faster migrating species than that from the [PSI7]5¢7 strain, indicating the latter
has a larger n, (Fig. 4d).

Third, we considered the conundrum revealed by comparing prion loss in response to
G58D expression and heat shock. Both conditions promote fragmentation-mediated prion
clearance; however, G58D expression preferentially cures [PSI7]5™"¢, and heat shock
preferentially cures [PSIT]Weak 4445 Because our model predicts that sensitivity to enhanced
fragmentation is associated with a larger seed (Fig. 3d), we predict that the incorporation of

G58D into [PSI*]5™¢ amyloid composed of wildtype Sup35 increases its seed size. Indeed,
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Sup35 amyloid shifted to a faster migrating species than that of Sup35:G58D amyloid (Fig. 4e),
indicating that the mixed amyloid has a larger n,. Thus, seed size is a crucial factor impacting
both prion appearance and clearance, and this commonality further suggests these two events are

interrelated and opposing.

Discussion

Our studies indicate that establishment of a stable amyloid state requires both seed
formation and persistence in vivo (Fig. 5). The size of an amyloid nucleus and thereby seed has
long been appreciated as a significant barrier to amyloid formation because the rate of its
assembly varies with the concentration of monomer raised to the power of no-1.%! Given this
relationship, the bypass of seed formation through heterologous templating has become the
favored model to explain the promotion of amyloid formation by other aggregates. While our
studies do not rule out heterologous templating for [PIN*], significant gaps in experimental
support for this model remain.? Independent of this open question, our findings reveal an
unrelated role for [PIN*] after seed formation to promote amplification rather than clearance of
nascent Sup35 amyloid by titrating the activity of the molecular chaperone Hsp104 through
direct competition for its binding.

Beyond [PIN*], other aggregation-prone proteins have been proposed to promote [PSI*]

62,63 The evidence in

appearance upon their overexpression by titrating the chaperone machinery.
support of such a model is most robust for overexpressed Pindc, which co-localizes with Hsp104
and Sisl in cytoplasmic foci, induces an increase in Sup35 aggregate size, and promotes loss of
[PSI*] that can be reduced by overexpression of Hsp104 or Sis1.%> However, [PIN*] was not

previously demonstrated to alter the size of Sup35 aggregates at physiological levels of Rnql,*8

as would be predicted if it acted to titrate chaperones.> Nonetheless, the ability of [PIN'] to
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induce [PSI*] loss under some conditions did demonstrate interference between the two prions.
6465 Our studies reconcile these seemingly disparate observations by demonstrating dose
dependency: the impact of [PIN"] on [PSI"] appearance and propagation becomes apparent when
Hsp104 is limiting (Fig. 1 d, e, h), lending further support to a role for [PIN*] in chaperone
titration.

Our observations indicate that small changes in Hsp104 availability have a profound
effect specifically on the persistence of nascent Sup35 amyloid, a feature captured by our
mathematical model (Fig. 3e) and consistent with the magnitude of the reduction in Hsp104
binding to Sup35 amyloid in the presence of [PIN*] (Fig. 2f). This exquisite sensitivity of
nascent Sup35 amyloid to fragmentation rate also provides an alternative framework in which to
view the interaction between prion variants. [PIN'] variants were originally identified by their
distinct efficiencies in promoting the frequency of [PSI*] appearance in vivo®* and were
subsequently shown to differentially promote the appearance of [PSI*] variants.>*% This variant
specificity has been interpreted as support for the heterologous templating model of [PSI*]
appearance, perhaps through the stabilization of conformationally distinct seeds.’” An
alternative, but not mutually exclusive, interpretation is that [PIN*] variants differ in their ability
to titrate Hsp104 or other chaperones, leading to the persistence of conformationally distinct
seeds. Consistent with this possibility, the variant of [PSI*] induced in vivo is altered by changes
in Hsp104 levels and activity or by the presence of different mutants of the heat-shock master
regulator Hsf1,3152:%8 and [PIN*] variants are differentially sensitive to chaperone mutations.®-"3

As revealed by our experimental observations and our development and validation of
predictive mathematical models, the balance between the amplification and clearance of nascent
seeds is a function not only of fragmentation activity, which is modulated by the presence of

other aggregates, but also of seed size, which directly defines the outcome of a fragmentation
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event. The emergence of seed size as a previously unappreciated contributor to prion variant
biology was unexpected. The steady-state behavior of prion variants can be captured completely
with the nucleated polymerization model with two conformationally defined parameters: the
rates of conversion (/) and fragmentation (7).3!*? Nonetheless, these aggregate dynamics are
unable to account for prion transitions, revealing a mechanistic gap specific to the appearance
and clearance of amyloid in vivo. By incorporating conformationally defined differences in seed
size into the nucleated polymerization model, we capture for the first time the differential
sensitivities of [PS/"] variants to dominant-negative mutants and changes in proteostatic niche,
suggesting that seed size is a fundamental mechanistic contributor to amyloid transitions in yeast.
Are our observations in yeast applicable to mammalian prion biology? Previous studies
have demonstrated an empirical relationship between Ry, a factor related to incubation time for
prion infectivity, and r, a factor related to the accumulation of protease-resistant PrP (PrP-
res).*” Our preliminary analyses of the same data suggest that the nucleated polymerization
model is unable to mechanistically capture this relationship for prion variants using a constant
seed size if their conformational stability is used as a proxy for their relative fragmentation
rates.” This gap raises the possibility that variations in seed size could provide new mechanistic
insight into prion transitions in mammals, as we have demonstrated for yeast. Consistent with
this idea, a metazoan disaggregase machinery capable of resolving amyloid in vivo and in vitro
has been identified, and strikingly, this resolution occurs through a shift in amyloid size to a
minimum threshold as we have observed for Sup35.7%77 These observations, along with the
increase in amyloid appearance with the decline of the proteostasis network during aging,!!-1?
suggest that an interacting network of similar parameters may limit amyloid appearance in higher
eukaryotes. If that is the case, therapeutics aimed at shifting amyloid variants to conformers with

increased seed size, as we have demonstrated for incorporation of G58D into Sup35 amyloid,
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could emerge as effective complements to proteostasis modulators in the treatment of protein
misfolding diseases.
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Figure Legends

Fig 1. [PIN*] and deletion of Hsp104 combine to impact appearance and propagation of
[PSI*]Vek a, Native monomer (circle) spontaneously and rarely (dashed arrow) associates to
form a nucleus of size ny, the rate-limiting step for amyloid formation. The nucleus is
thermodynamically unstable (solid, heavy back arrow), and subsequent addition of monomers
through favorable associations ultimately creates a stable seed of minimum size n,. The seed can
grow at a rate that is double the single-site conversion rate (2/) because monomers can add to
either end of the aggregate (*). The seed or any larger aggregate may be fragmented at any
monomer junction (down arrows) at a single-site fragmentation rate (). Any single
fragmentation event will produce two aggregates; note that two fragmentation sites on the same
aggregate can yield the same-size products (downward arrows of the same style); thus,
aggregates of any given size will be produced at a rate that is double the single-site
fragmentation rate (27). The products of fragmentation have two fates: aggregates larger in size
than n, are stable (black squares); aggregates smaller than n; (thick black square) spontaneously
disassemble into monomers (thick circles). In this work, we only consider the dynamics of
aggregates at or above the size of the minimum stable seed (box). b—e Amyloid fibers of the
Sup35 prion-determining domain assembled at 4°C (Sc4; b) or at 37°C (Sc37; ¢, d, e) were
transfected at the indicated concentrations (uM) into [PIN"] (black circles), [pin’] (open circles),
[pin’] +/AHSP104 (open square), or [PIN"] +/AHSP104 (black square) yeast before plating and
scoring for conversion to [PS/"]. Data shown are means and s.d. from at least two independent
experiments performed with independent cultures. f~h. Analyses of lysates from [PSI]5"°"¢ (f)

or [PSI*]Ve (h) diploid yeast strains with wildtype (+/+), heterozygous (+/A), or homozygous

(A/A) disruptions of HSP104 or RNQ1 were analyzed by SDD-AGE and immunoblotting for

Sup35. Immunoblots shown are representative of three independent experiments performed with
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independent cultures. g. Graph shows the fraction of soluble (open bars) and aggregated (black
bars) Sup35 in lysates from the indicated strains. Data are mean and s.d. from 3 independent
experiments performed with independent cultures; *p<0.048 by two-tailed Student’s t-test. Data

for graphs in panels b-e and g are available as source data.

Fig 2. Changes in Hsp104 levels and binding impact [PSI"] appearance but not [PIN*]
propagation. a. Lysates from the indicated strains were analyzed by SDD-AGE and
immunoblotting for Rnql. Immunoblot shown is representative of three independent experiments
performed with independent cultures. b. The frequencies of [PSI*] appearance in diploid
[PIN*][psi’] yeast strains with wildtype (+/+, black), heterozygous disruptions of HSP104 (+/A.
gray), or an extra copy of HSP104 (+/++, white) were determined following transient
overexpression of the Sup35 prion-determining domain (+) or in uninduced controls (-) by a
fluctuation test. Data shown as means, error bars represent the 95% confidence interval from at
least 8 independent cultures. ¢. Lysates from [PIN'] strains with wildtype (+/+) or a
heterozygous disruption of HSP104 (+/A) were analyzed by sucrose gradient, SDS-PAGE and
immunoblotting for Rnql. Immunoblots are representative of three independent experiments
performed with independent cultures. d. The fraction of total (T) and soluble (S) Rnql was
determined in lysates from diploid yeast strains wildtype (+/4) or heterozygous disruptions of
HSP104 (+/A). Data are mean and s.d. from 3 independent experiments performed with
independent cultures. e. The number of Rnql propagons was determined in the diploid yeast
strains with wildtype (+/+) or a heterozygous disruption of HSP104 (+/A). Horizontal lines on
boxes indicate 25", 50%, and 75" percentiles; error bars indicate 10" and 90" percentiles from at
least 8 independent experiments performed with independent cultures. f. Binding of Hsp104 to

Sup35 aggregates was determined in [PIN*] or [pin’] yeast strains propagating [PSI7]3"¢ or

26



[PSIT]Veik by immunocapture of HA-NM. The increase in Hsp104 binding to Sup35 aggregates
in the [pin] strains is expressed as a percentage over the binding level observed in the [PIN']
strains. Data are means and s.d. from 3 independent experiments performed with independent
cultures. *p = 0.005; **p = 0.002 by two-tailed Student’s t-test. Data for graphs in panels b and

d-f and uncropped images for panel c are available as source data.

Fig. 3. Mathematical modeling reveals the impact of seed size on [PSI] stability. a. A heat map
from a stochastic persistence model of Sup35 aggregate dynamics in vivo indicates the
probabilities of loss (blue) of a single Sup35 aggregate as a function of conversion () and
fragmentation () rates with a seed size of five (left) or fifteen (right). The black solid line
indicates 50% loss; the dashed white line indicates 50% loss on the opposite side of the heat map
(i.e. for ns=>5 on the n,=15 heat map). b. The heat map from panel (a) is expanded to focus on the
positions of [PSIT]3""¢ with a n; of five (black square), [PSIT]We with a n, of five (black
triangle), and [PSIT]Veak with a n;, of fifteen (black circle). Dotted line indicates 95% loss; solid
line indicates 50% loss, and dashed line indicates 5% loss. ¢. Diagram of the sensitivity of
aggregates based on their size (gray) to a single fragmentation event as a function of seed size.

d. The stochastic persistence model determines the probability of amplification of a single Sup35
aggregate as a function of fragmentation rate with seed sizes of 2 (purple), 4 (blue), 8 (orange),
and 16 (red). e. A comparison of the probability of amplification of a single aggregate for
[PSI*]Stn¢ a5 a function of fragmentation rate with a seed size of five (black curve), [PSI7]Weak
with a seed size of five (red dotted curve), or [PSIT]Ve* with a seed size of fifteen (red solid
curve). The exact positions of [PSI*]3""¢ (black square), [PSIT]V<¥ (red circle or square) are

indicated on each curve.
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Fig. 4. Differences in seed size explain previously unexplained aspects of [PSI*] curing and
appearance. a. Diploid yeast strains propagating the [PSI*]3"°" or [PSI*]V¢¥ variants were
treated with cycloheximide (CHX) for the indicated times, and lysates were analyzed by SDD-
AGE and immunoblotting for Sup35. The difference in the lower boundaries of the aggregate
distributions following treatment with cycloheximide reveals differences in seed size between
the two amyloids (A4ny). b. The frequency of spontaneous [PSI*] appearance in a [PIN][psi’]
yeast strain with wildtype Sup35 (WT) or the R2E1 mutant was determined by a fluctuation test.
Data shown as means; error bars represent the 95% confidence interval from at least17
independent cultures. ¢, d, e. Diploid yeast strains expressing wildtype, R2E1 or both WT and
G58D Sup35 and the indicated [PSI'] variant were treated with cycloheximide (CHX) for the
indicated time, and lysates were analyzed by SDD-AGE and immunoblotting for Sup35.
Differences in seed size between the two amyloids (4ns) are indicated, as detailed for panel a.
The immunoblots shown in panels a,c,d,e are each representative of three independent
experiments performed with independent cultures. Data for the graph in panel b are available as

source data.

Fig. 5. Schematic of biochemical processes impacting transitions between the [PSI*] and [psi]
states. Non-prion state Sup35 (ball and stick, middle) spontaneously adopts the [PSI7]5" prion

conformation (ball and corkscrew, left) or [PSI]Weak

prion conformation (ball and serpentine,
right), which self-assemble into aggregates (top straight arrow) as a nucleation-dependent
process. Seeds (boxed species) are smaller in size (n5) for the [PSI7]5"¢ than the [PSIT]WVeak
conformation. In [pin’] strains (top panels), the action of Hsp104 on seeds (bottom straight
arrows) leads to their disassembly and the return of Sup35 to the non-prion state more efficiently

for variants with larger seeds (i.e. solid straight arrow for [PSI*]Ve* ys. dashed straight arrow for

[PSI7]Stone), In [PIN*] strains (bottom panels), aggregates of Rnql (unfilled pinwheel) are
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alternative substrates for Hsp104 and reduce its activity in several reactions (red arrows), which
lead to observable changes in prion appearance and propagation. First, Sup35 seeds are
fragmented less frequently (straight, dashed, red arrow) by Hsp104 (hexamer) in the presence of
[PIN*] to allow their persistence and the appearance of [PS/"] through the templated conversion
of non-prion state Sup35, which binds to and is incorporated into seeds (top curved arrows) to
create larger aggregates (colored pinwheels). Second, the Hsp104-dependent fragmentation

(bottom curved arrows) of these larger aggregates for the [PSI™]Weak

variant, which is normally
inefficient, is further reduced (curved, dashed, red arrow) in the presence of [PIN*], interfering

with the propagation of this variant.
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Methods
S. cerevisiae Strains

All yeast strains used in this study are derivatives of 74D-694% and are listed in
Supplementary Table 3. Disruptions of RNQ1 were generated by transfection of PCR-generated
cassettes using pFA6aKanMX4 or pFA6a-CaURA3MX4 as a template with the indicated
primers (MSO50, MSOS51, Supplementary Table 4) and selection on complete medium
supplemented with G418 or minimal medium lacking uracil, respectively. HSP104 disruptions
were generated by transfection of Pvul-BamHI fragment of pY ABLS (a gift from S. Lindquist)
and selection on minimal medium lacking leucine. The LEU2 marker was subsequently disrupted
with kanM X4 by transfecting a BamHI fragment of SB194 and selecting on YPD+G418. SUP35
disruptions were generated by transfection of PCR-generated cassettes using pFA6a-His3MX6 as
a templated with indicated primers (FP35, FP36, Supplementary Table 4). All disruptions were
created in diploid strains and verified by PCR and segregation. [psi’][PIN*] derivatives were
generated by overexpression of Hsp104 in the parental [PSI"][PIN*] derivative by transfecting
plasmid pYS104 (a gift from S. Lindquist), selecting on minimal medium lacking uracil, and
counterselecting on 5-FOA. [psi][pin’] derivatives were generated by GdnHCI treatment of the
parental [PSI"][PIN"] derivative. [PIN"] status was confirmed by analysis of Rnql aggregates by
SDD-AGE (see Protein Analysis) and by [PS/*]-inducibility following overexpression of the
prion-determining domain of Sup35 (see [PSI*] Induction Studies). pRS30535pNM HA was
integrated at the LEU?2 locus by digestion with PpuMI followed by transfection and selection for
leucine prototrophy. Protein expression was confirmed by immunoblotting with antiserum

specific to HA (see Protein Analysis).

30



Plasmids

All plasmids used in this study are listed in Supplementary Table 5. SB1184 was
constructed by subcloning pCup1-NM-GFP from SLL6442 as an Xhol-Sacl fragment into Eagl-
Sacl-digested pRS413. The Xhol and Eagl sites were filled in using T4 ligase (New England
BioLabs) prior to cloning. SB1183 was constructed by removing the NM-GFP fragment from
SB1184 by digesting with BamHI and Sacl, filling in the sites with T4 ligase, and religating.
[PSI"] Induction and Loss Studies

For [PSI"] induction promoted by Sup35 overexpression, yeast strains were transfected
with SB1183 or SB1184 and plated on minimal medium lacking histidine. Colonies were grown
to mid-log phase in minimal medium lacking histidine and in the presence of 40uM CuSOs to
induce expression of NM-GFP for 4 hours. Cells were then harvested by centrifugation and
plated on % YPD to assess colony color. For each strain, at least 1000 colonies in at least 10
independent experiments were scored. The frequency of [PS/*] induction was determined using
a fluctuation test, as previously described.*® For [PSI"] induction promoted by pre-assembled
Sup35 amyloid, the prion-determining domain of Sup35 (NM) was expressed in E. coli, purified
and assembled into amyloid fibers as previously described!’® and transfected into yeast as
previously described.” Transfectants were plated on YPD to assess colony color. In all cases,
[PSI"] induction was confirmed by GdnHCI curability. To determine the frequency of
spontaneous prion loss, colonies were grown in exponential phase for at least 24 hours before
plating on 1/4 YPD to assess colony color. For each strain, at least 1000 colonies in at least 10
independent experiments were scored. The frequency of [PSI*] loss was determined using a

fluctuation test.
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Protein Analysis

Quantitative immunoblotting, SDS-PAGE, semidenaturing agarose gel electrophoresis
(SDD-AGE), and SDS-sensitivity experiments were performed as previously described®® with
the following modifications. Protein was transferred to Odyssey Nitrocellulose (LI COR,
Lincoln, NE), and immunoblotting included the secondary antibodies IRDye 800CW Goat anti-
Rabbit (LI-COR, Lincoln, NE) for Sup35, Rnql and Hsp104, IRDye 680LT Goat anti-Mouse
(LI-COR, Lincoln, NE) for Pgk1, and IRDye 680RD Goat anti-Rat (LI-COR, Lincoln, NE).
Infrared intensities were quantified using an Odyssey CLx Imaging System (LI-COR, Lincoln,
NE). For analysis of seed size, cultures were treated with cycloheximide (10 mg/ml) for the
indicated times prior to preparation of lysates and analysis by SDD-AGE. Sucrose gradients were
performed as previously described.’* Anti-Sup35,° anti-Rnq1 (a gift of E. Craig, The University
of Wisconsin - Madison), anti-Ssal (a gift of E. Craig, The University of Wisconsin - Madison),
anti-Sis1 (a gift of M. Tuite, The University of Kent), and anti-Hsp104 (Abcam #ab69549)
rabbit sera and anti-HA (Roche #11867423001) rat serum were used for immunoblotting.
Soluble Rnql levels were assessed by sensitivity to disruption with 2% SDS as previously
described®! with the following modifications: lysates were incubated at 37°C prior to analysis by
SDS-PAGE and immunoblotting for Rnql. Levels of aggregated and soluble Sup35 were
determined by separation on SDS-PAGE and immunoblotting as previously described.’> NM-HA
immunocapture and immunoblotting were performed as previously described,*® using anti-HA

(Pierce #88837) or anti-MYC (Pierce #88842) magnetic beads.

Rnql Propagons

To determine the number of Rnql propagons, we exploited the observation that cells can

only become [PSI*] upon overexpression of Sup35 if they are propagating the [PIN*] prion.
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Specifically, [psi ][PIN*] strains were transfected with p6442 or p6430 and were then grown in
minimal medium lacking uracil to mid-log phase before plating on minimal medium lacking
uracil and containing 3mM GdnHCI. Single colonies were picked by micromanipulation and

allowed to grow for 2-3 days at 30°C. Individual colonies were resuspended in water, plated on

minimal medium lacking uracil and containing S0uM CuSO4 and grown for 4 days at 30°C to
allow overexpression of NM-GFP. Cells were then replicated plated onto YPD and allowed to
grow for 4 days before the number of white [PSI"] colonies, corresponding to the number of
[PIN*] propagons, were counted. Control experiments where single colonies were picked on
minimal medium not containing 3mM GdnHCI show > 95% [PSI*] induction, while strains

transfected with p6430 had no [PSI"] appearance.

Mathematical Modeling

Fiber transfection experiments were analyzed to determine the number of fibers necessary to
induce the [PSI "] state by scaling out both the concentration of fibers and the concentration of
fibers taken up by cells as previously described.! To analyze the forces impacting transitions in
prion state, we use two different mathematical formulations of prion aggregate dynamics. These
formulations do not consider the de novo formation of seeds, but rather the fate of introduced
aggregates based on nucleated polymerization dynamics, as previously described.’ To develop
mathematical predictions to compare with experiments on yeast strains with an existing prion
state (i.e. stable aggregate distribution), we use an established deterministic model to depict the
time evolution of the concentration of introduced biochemical species according to the rates of
monomer synthesis (a), degradation («), monomer conversion to the prion state (), and
aggregate fragmentation (g) through a system of differential equations, as previously described.’

To develop mathematical predictions on the fate of an aggregate introduced into a single cell
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during the course of the first cell division, we developed a novel stochastic model of prion

aggregate dynamics. We use the chemical master equation to determine the probability that an

aggregate of minimal stable size introduced to a newly born cell will evolve under nucleated

polymerization dynamics to create two aggregates at or above the minimal stable size before cell

division. This represents the minimum requirement for persistence of the prion state. A full

description of these models is available in Supplementary Note 1.

Reporting Summary

Further information on experimental design is available in the Nature Research Reporting

Summary linked to this article.

Code Availability

Code for the stochastic model of aggregate persistence is available at

https://doi.org/10.6071/M33T08

Data Availability

Source data for figures 1b-e, 1g, 2b, 2d-f, 4b and extended data figures 1a-b, 2a-c, and 2d are

available with the paper online.
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Supplementary Note 1

Mathematical Supplement

Introduction

In 2006, Weissman and colleagues employed a mathematical model to analyze their ob-
servations of [PSIT] prion appearance in response to transfection of in vitro assembled fibres
of the prion-determining domain of Sup35 (NM) into non-prion [psi~] yeast cells (Tanaka
et al., 2006). On the basis of this analysis, they concluded that the transfer of a single
fiber to a founding cell is sufficient for the [PST"]| phenotype to stably arise. Note that
this result implies that the only obstacle to [PSIt] appearance is the formation of a Sup35
amyloid nucleation seed. However, our observations of the influence of other factors, such
as the [PINT] prion (required for [PST"] appearance) and the molecular chaperone Hsp104
(required for amyloid fragmentation), motivated us to revisit this analysis.

In this Supplementary Note, we derive a minimal stochastic model of the appearance
of the [PST"] phenotype from experiments in which in vitro assembled Sup35 amyloid is
transfected into live yeast cells. We consider [PST] appearance to be determined by the
probability that an aggregate introduced into a single cell persists, that is, it produces an-
other aggregate exceeding the minimum stable size for the seed ng - the minimal aggregate
promoting efficient amyloid assembly - by the time the cell divides. We then use this model,
along with experimental studies on the sensitivity of the prion phenotype to experimental
perturbation in vivo, to conclude that the [PSIT]5%me (i.e Sc4) and [PSTT]Weak (i.e. Sc37)
prion strains differ in not only their kinetic rates of aggregate conversion and fragmentation,
but also the size of the seed. Finally, we test our seed-size hypothesis by comparing numer-
ical modifications of the deterministic nucleated polymerization model (NPM) for the full

aggregate size distribution with observations from experimental manipulations.

Modeling the Induction of [PSIT| by Transfection with NM Fibers
In this section, we first review the mathematical approach taken by Weissman and col-

leagues used to conclude that a single transfected NM fiber was both necessary and sufficient



to induce [PSI*]. When we apply their approach to our transfection experiments, we find
that while a single NM fiber is necessary, it is not sufficient for inducing [PSI*] appearance
in all conditions. We argue that titration of the molecular chaperone Hsp104 by Rnql ag-
gregates, the determinant of the [PINT] prion, is necessary to explain the experimentally
observed differences in [PST"]| appearance following transfection of NM fibers in the Sc4 and

Sc37 conformations.

Prior Approach: Tanaka et al. 2006

At present, only one study has considered modeling the induction of [PSI*] appearance
by transfection of NM fibers into yeast cells (Tanaka et al., 2006). Weissman and colleagues
consider the probability that a single cell produces a [PSTT| colony purely as a function of
the number of fibers the cell takes up (i.e. the transfection efficiency). More specifically,
they fit their data with models that considered a minimum number of fibers ranging from 1
to 5. They found that the model using one fiber provided the best fit to the data. To fit the
model to the data, they scale out two unknown quantities: (1) the concentration of fibers
and (2) the concentration of fiber mixture taken up by cells. In what follows, we show how
these quantities were scaled out.

All that is known about the fiber mixture is the concentration of the monomeric NM-
Sup35: Cypr. To consider the concentration of fibers, we must divide by the average fiber

size Ap:

C’NM

Fiber Concentration = Equation (1)

-
While it is known that cells take up a fraction of the fiber mixture upon transfection, the
actual amount is unknown. Because there is not a single value, Weissman and colleagues

considered the average fraction transfected as p. Finally, in order to account for variable

transfection the number of aggregates is modeled as a Poisson random variable with mean

A

A= (Cnuy) AL; Equation (2)



In the analysis that follows, we term the ratio (p/Ar) the scale factor because it scales
the fiber concentration to the mean of the Poisson distribution. With the model of fiber
transfection, Weissman and colleagues then equated the probability that a colony would
become [PSI'] with the probability that the founding cell inherited a minimum number of
fibers and tested minimum numbers from 1 to 5. Thus the probability of [PST] induction

given a Poisson mean of A and minimum number of fibers n,,;, is:

Pmin—1 \;
Prob ([PSIJF]‘/\,nmm) =1—c? ( Z ;) . Equation (3)
i=0
To evaluate Equation (3) the value A must be specified, but because A depends on the scale
factor - a ratio of two unknown parameters - a specific value for A\ was not used (Tanaka et
al., 2006). Instead, the theoretical distributions were fit to the experimental induction curves
by requiring the theoretical curves match the experimental results for [PST+]5%me fibers at
the point where the probability of [PSTT] was 50% (see Tanaka et al., 2006 and Extended
Data Fig. 5). Note that by fitting in this way, Weissman and colleagues were attempting to
determine the best value of A for each distinct choice of n.,;,. From comparing all choices,
the model where n.,;, = 1 best fit the data, leading to the conclusion that a single fiber is

necessary and sufficient for [PSI] appearance.

Prior Model Fails to Match General Induction Experiments

Following the previous approach, we attempted to fit four different experiments of [P.ST*]
appearance following transfection with fibers of two different conformational variants of
[PST*] - Sc4 (ie., [PSTT]5™m8) or Sc37 (i.e., [PSTT]Vek) - into non-prion [pin~] or [PINT]
yeast strains. (We determined the 50% point for each experiment by interpolating the mean
values for the three concentration measures closest to 50%.) In all cases, the model where
Nmin = 1 provides the best agreement to the data (Extended Data Fig. 5, red curves)
and seems to fit the [PIN™] condition for both Sc4 and Sc37 (Extended Data Fig. 5b,d)

especially well. However, there were several sources of disagreement, which demonstrate the



model is insufficient to explain the data.

First, for both Sc4 and Sc37 fibers, the model where n,;, = 1 did not fit the experimental
induction curves throughout the range of concentrations for the [pin~] state (Extended Data
Fig. 5 a,c). For both variants, [PSI"] appearance was overestimated for the highest fiber
concentrations, and for Sc4, appearance was underestimated at the lowest fiber concentra-
tions. Second, while the model fits the experimental data better in the [PINT] condition
for both strains (Extended Data Fig. 5 b,d) the value of A estimated to fit the data was
different between the [pin~| and [PIN"] conditions (Supplementary Table 1).

To interpret the difference in A values between [pin~] and [PIN*] conditions, we return
to Equation (2), which shows that A depends on the scale-factor, a ratio of two unknown
quantities: the average fiber size and the volume transfected. Since neither parameter should
vary between the [pin~] and [PIN*] conditions, we conclude that a model where [PSI"]
appearance corresponds solely to the probability a cell received a single fiber is insufficient
on its own to explain our experimental observations. Thus, additional, unknown variable(s)
must contribute to this transition.

Mathematical Models of Prion Aggregate Dynamics

In these models, we do not consider the de novo formation of seeds, but rather the fate
of introduced aggregates. As discussed in the manuscript, we use two different mathematical
formulations of prion aggregate dynamics. The first, an established deterministic model,
is used to compare to experiments with stable aggregate distributions (i.e. an established
prion state). The second, a novel stochastic model, is used to consider the dynamics of a
single prion aggregate and its persistence. We first discuss the biochemical equations that
form the framework for each model which is based on nucleated polymerization dynamics
(Fig. la, Extended Data Fig. 6) (Masel et al. 1999). (We note that while alternatives to
the nucleated polymerization dynamics exist (Davis & Sindi 2015; Lemarre et al. 2018). it
is the standard framework used when modeling prion aggregation.)

In our notation below, we use P to denote the non-prion Sup35 monomer and X; to



denote a prion aggregate of size . That is, X; is an aggregate which consists of ¢ monomers.
Under the assumption of a nucleation barrier to prion appearance, we assume that aggregates
below a critical size ns > 1 immediately disassociate into its constituent monomers (Fig. 1a,
Extended Data Fig. 6a - Dissassembly) (Masel et al. 1999), so X; = iP for i < ns.
Aggregates of at least size n, may increase in size due to conversion of monomer or be
fragmented into smaller aggregates (Fig. la, Extended Data Fig. 6). Aggregates are assumed
to be ordered linear polymers. As such, conversion occurs through interaction between
monomer and either end of an aggregate, and fragmentation occurs between two adjacent
monomers (Extended Data Fig. 6a). As such, prion aggregate dynamics are specified by

two families of biochemical reactions:

Conversion: P+ X; ﬂ) Xit1, 12> ng,
Fragmentation: X; —— X;+ X, foreach j =1,2,...,(i — 1) where i > n,.

Note that these reactions depend on the per site rates of conversion (f) and fragmentation
(7). In our deterministic framework, we also consider protein synthesis ((Z) RN P) and
protein decay (P, X, (D) , which can be interpreted in yeast as dilution due to cellular
division (Davis & Sindi 2015; Tanaka et al. 2006).
(1) Deterministic Model of Prion Aggregate Dynamics

When protein numbers are large enough, and the resulting chemical species well-mixed,
the law of mass action (Voit et al. 2015) is used to derive a system of differential equations
depicting the time-evolution of the concentration of introduced biochemical species according
to the rates of monomer synthesis («), degradation (i), monomer conversion to the prion
state (5) and aggregate fragmentation (y); the resulting system of equations, collectively
known as the nucleated polymerization model (NPM), was first formulated by Nowak and
colleagues in 1998 and has been well-studied as a robust model for amyloidogenesis (Engler

et al. 2006; Greer et al. 2006; Masel et al. 1999; Nowak et al. 1998; Priiss et al. 2006):



— = Lo 4 -1 X)) | = [28[P]D (X)) |~ ulP] (Equation 4a)
dt ~~ : : ~—
Synthesis N 12ns ., i2Ms Degradation
Disassembly of I:;rger Aggregates Conversion
Forr;;tion Transformation‘tro Other Species
d| X .
t : — <\ -~ ~ ~——
J>Ms Conversion Fragmentation Degradation
Fragmentation P Transformation‘tfo Other Species
Forr;gtion
d|X; . .
= 2o+ 2 ) | - 280PI +96 - DIX ) - plX] (Equation 4o)
H_/ —t [N\ ~ _ [N\ ~ ~
Conversion J=t Conversion Fragmentation Degradation
N Fragmentation ., Tranformation?g Other Species
Formvation

Equation (4a) describes the rate of change in the concentration of the monomer and
Equation (4b & 4c) describe the rate of change in the concentration of aggregate of size
i from as a consequence of four biochemical processes (synthesis, degradation, conversion
and fragmentation). In these equations, we follow mathematical convention and use square
brackets to denote concentration. Although there are only three equations shown, the system
has infinitely many equations corresponding to one for each aggregate size: ny Equation (4b)
and i > ny Equation (4c). The summation in Equations (4b) and (4c) represents the creation
of smaller aggregates by larger aggregates. Because aggregates may fragment between any
two adjacent monomers, each aggregate can create aggregates of every possible smaller size,
which are then captured in the full infinite system of equations. For clarity, we now describe

each term for Equation 4c (and 4b):

+ 2B8[P][X;_1]: the addition of monomer (P) on either end (2) of an aggregate of size

i—1 (X(_1)) at a rate () increases the rate because we now have an aggregate of size



i. (This term is not included in Equation 4b because there are no stable aggregates of

size less than ng.)

+ 27> ;5:[X;]: fragmentation of an aggregate of size greater than i at a rate (y) can
create an aggregate of any specific size (including n,) by a single fragmentation event
in exactly two ways: at either end of an aggregate larger than i (Fig. la). Because
the per site fragmentation rate () is identical at every possible monomer-monomer
junction, this rate of formation is 2 and identical for every aggregate regardless of its
size, because there are only two fragmentation sites that can produce an aggregate of
a specific size, including n,. (Note there is a special case for even aggregates; there is
only one fragmentation event that can create a size k aggregate from one of size 2k,

but because 2 aggregates of size k are produced the rate is the same: 27.)

- 28[P][X;]: the addition of monomer (P) on either end (2) of an aggregate of size i

([X;]) at a rate () decreases the rate because we now have an aggregate of size (i +1).

- v(1—=1)[X;]: fragmentation of an aggregate of size i (X;) at a rate () per fragmentation

site decreases the rate because the products are smaller than i.

- p]X;]: degradation of an aggregate of size ¢ (X;) at a rate (u) decreases the rate because

the protein is lost.

The global stability of the system, as described by Priiss and Pujo-Menjouet (Priiss et

al. 2006) is governed by the following parameter:

2
Ry = aby (Equation 5)

o+ (ns — 1)) (u+yng)’

where, analogous to its interpretation in mathematical epidemiology (Fan et al. 2001), R,
is the number of secondary infectious elements (aggregates) created by a single infectious
(aggregate). When R, < 1 prion aggregates are expected to quickly die out, and thus

the prion-free state will be globally asymptotically stable. When Ry, > 1 the system will



approach a steady-state density of aggregates. While appropriate for analysis of an ongoing
prion infection, the model from which Ry is derived is not valid in the immediate time-
scale following the introduction of a small number of prion aggregates. In this regime, the
mesocopic effects of small, discrete numbers of aggregates violate the assumptions of the law
of mass-action. Thus, a stochastic model is required to fully study this regime (D’Orsogna
et al. 2012). Because we are interested in exactly this regime, we derive a stochastic process
following the introduction of prion aggregates.

(2) Nowvel Stochastic Model of Aggregate Survival Under Nucleated Polymer-
ization Dynamaics

The same biochemical equations that were used to define the deterministic model can also
be used in a stochastic formulation. In this formulation we consider prion aggregate dynamics
within a single cell (i.e., ignoring cell division). The state of a cell is now the number (not
concentration) of monomers P and aggregates of each size 7, X;. In contrast to deterministic
systems of differential equations, stochastic models pose significant computation challenges
due to the large size of their state space. For example, if we considered the total number of
Sup35 proteins to be, m = 1140 (Chong et al. 2015), and assumed a seed of ny = 5 (Tanaka
et al. 2006), there are 5.129 x 10%® unique mass-preserving aggregate configurations. Thus,
the state-space is too large to consider the full system dynamics. However, in order to
determine if [PST"| appears after transfection of NM fibers, we do not need to consider the
full stochastic state space.

We develop a reduced stochastic process to consider the probability of aggregate per-
sistence; that is, the probability that a single prion aggregate introduced into a [psi~] cell
evolves under nucleated polymerization dynamics and successfully fragments into two daugh-
ter aggregates, each greater in size than ng, before the cell divides. We note that this is a
necessary, but not sufficient, condition for the appearance of prion phenotypes where every
cell in a population is thought to have prion aggregates. As such, the probabilities we derive

can be taken to be a lower bound on the probability of prion appearance; however, as our



detailed simulation analysis suggests, if a cell obtains two viable aggregates at any point
before cell division, with overwhelmingly high probability there are at least two aggregates
when the cell eventually does divide (Dark 2017).

In this stochastic model, the introduced aggregate may change in size due to conversion
and fragmentation. Although fragmentation is necessary to achieve persistence, not all
fragmentation events will cause persistence. For example, if both aggregates resulting from
fragmentation are smaller than ng, the aggregate is disassembled, and prions will be cured.
In addition, if only one of the aggregates resulting from fragmentation exceeds n, the smaller
one will dissolve, and the other aggregate (now with a smaller size) continues. Because our
model is interested in persistence, we stop tracking the aggregate sizes once either successful
fragmentation (i.e. two aggregates larger than n, are created) or disassembly occurs. As
such, at the time of cell division there are three possible states: the aggregate is disassembled,
the aggregate remains, or the aggregate successfully fragments (i.e. persistence; Extended
Data Fig. 6b).

Because our state-space consists only of the size of the single aggregate, the size of the
state-space is greatly reduced. The aggregate may occupy any size form ng to m (for a fixed
protein abundance m). Letting p;(t) denote the probability the aggregate is size i at time ¢,

our system is governed by the following family of differential equations:

i+ns—1
dp;

il —2B[(m —i)p; — (m — i+ 1)pi—1] — (i — D)p; + 2y Z p;, (Equation 6a)
j=it1

v Em: (i — 2, + 1)p; (Equation 6b)

dt Y s i

1=2ng

where p*(t) is the probability of successful fragmentation by time ¢. Equations (6a) and (6b)
define a large but linear system of differential equations with constant coefficients, and so
its solution may be written explicitly. We first define the analogous system of differential
equations: p'(t) = Ap(t) where p(t) is our state space written in vector form. That is,

p(t) = [Pn.(t), Pnui1s---Pm(t)]T and A is the upper Hessenberg matrix that follows from



Equations (6a) and (6b). Given an initial probability distribution and initial condition

vector p(0) the solution p(t) is given by:
p(t) = e*'p(0). (Equation 7)

Of course, aggregate persistence occurs only if successful fragmentation occurs before the cell
divides. To calculate the probability of aggregate persistence, we must separately consider
the distribution for successful fragmentation and cell division. The cumulative distribution

function for the time of successful fragmentation is given by:
F(t) = p*(t) = vd" (e* — I)A~'p(0), (Equation 8)

where [ is the identity matrix and d is defined as follows:

m
d= Z (1 —2n.+ 1)e;. (Equation 9)
1=2n¢
(Note that e; represents the canonical basis vector with every entry 0 except for the i-th
entry of 1.) We model the time to cell division as a gamma-distributed random variable

(Byrne et al. 2009). Thus, the probability of persistence is found by integrating Equation

(9) over the distribution of time to cell division:

T (k)0F
. [(1 — A - [} A p,. (Equation 10)

E[F(T)] = ~d” { /0 h (e —1) tk—_let/edt} A lp,

It is Equation (10), as a function of (/,~) (holding m = 78900 fixed as reported (Ghaem-
maghami et al. 2003) and n as specified), that we plot in all mathematical figures in the main
text. We have taken the cell division constants k = 43 and 6 = 1.91163, slightly perturbed

from the values previously reported (Byrne et al. 2009) in order to simplify calculation. In
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the mathematical figures, as we describe in the next section and list in Supplementary Ta-
ble 2, we chose strain-specific values for 5 and ~ that were consistent with population-level
behavior of the fraction of soluble protein and average aggregate size. As demonstrated by

Weak strain

figures in the main text, we are able to recapitulate the sensitivity of the [PSIT]
to changes in the fragmentation rate only if the [PST+]Veak gtrain has a larger seed size than
the [PSI+]Stons strain.

Selecting Strain Specific Kinetic Parameters

We use the deterministic nucleated polymerization model (NPM), Equations (4a) - (4c),
to model the full-aggregate size distribution. In contrast to our stochastic model, which
considers only a single cell, these dynamics must depict an entire population of cells as
well as the aggregates within them. As we have before, we consider, degradation (which in
yeast is ascribed to dilution by cell division) (u) and calculated the expected division time
according to cell division rates previously reported for mother and daughter cells (Byrne et al.
2009) and population proportions of mother and daughter cells as we previously observed
(Derdowski et al. 2010). For the purposes of determining rates of protein synthesis and
converting to and from kinetic rate constants and stochastic rate constants for conversion
(), we used a cellular volume of 37um? (Tyson et al. 1979). We fixed the number of Sup35
monomers to be m = 78900 (Ghaemmaghami et al. 2003), yielding kinetic rate estimates
a = 0.031933 pMmin~' and g = 0.009018308 min~".

In order to obtain point estimates, specific values for 3 and + for the [PSI+]5%°m8 and
[PSTT]Weak prion strains, we compared the steady-state behavior of the deterministic model
in Equations (4a)-(4c) with experimental observations of the steady-state soluble fraction
of Sup35 and the average aggregate size. By fitting SDD-AGE gels from a previous study
(Kryndushkin et al. 2003), we concluded that the bottom of the aggregate size distribution,
which we equate to the minimum seed size n,, that n, = 5 for [PSIT]3"°% and n, = 15 for

[PSTT]Weak 'We note that these kinetic rates will be used in two modeling contexts: first, for

the stochastic model for aggregate persistence (previous section) and then for a determin-
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istic model to study changes in the aggregate size distribution under distinct experimental
manipulations (next section).

It has been shown (Davis & Sindi 2015; Priiss et al. 2006) that the steady-state concen-
trations of ([P], {[X;]}) satisfy

p) = 1

Ry Equation (11a)

Z i X+ [P] = a/u, Equation (11a)

1>Ng

> ilxi]

12>ns

=2n,—1+ = Equation (11c)

> xi] i

i>ns
Note that together Equations (11a) and (11b) show that the soluble fraction of Sup35 is
given by Ry', and Equation (11c) is the average aggregate size. For the [PSIF]5t"8 strain,
we assumed ng = 5, a soluble fraction of 0.2 and an average aggregate size of 15 monomers.
For [PSIT]Weak  we assumed n, = 15, a soluble fraction of 0.35 and an average aggregate
size of 40 monomers. (In order to compare with the assumption of equal seed sizes, we also

determined parameters for [PS+]Weak

under the assumption of ny = 5.) These values were
motivated by previous studies (Derdowski et al. 2010; Tanaka et al. 2006) and specify a
unique pair of kinetic rates (3, ) for each strain that we show Supplementary Table 2. We
note that because the strain specific 8 and v values depend on « and p they should not be
taken as the ground truth, but choices which accurately represent the quantitative features

of the both the cellular and aggregate populations. The behavior we report is robust to

modifications to a and p as long as § and ~ satisfied the strain-specific constraints.

Mathematical Analysis of Aggregate Size Distribution Changes in Response to
Exposure to CHX and GdnHCII
In order to demonstrate that we are able to capture [PSIT]3"m and[PST]Weak strains

with the parameters shown in Supplementary Table 2 and investigate our hypothesis that
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the [PSIT]Veak strain has a larger seed size, we use a generalization of the nucleated poly-
merization model to study how experimental manipulations with cycloheximide (CHX) and
guanidine hydrochloride (GdnHCI) impact the aggregate size distributions for each strain.
To model the experimental exposure, our numerical results consider two phases of aggregate
dynamics. First, we simulate aggregate dynamics from the introduction of a single aggre-
gate of minimal stable size (i.e. the seed) and allow the aggregate distributions to evolve for
10* minutes under the standard NPM (Equations 4(a) — 4(c)). (In this way the aggregate
distributions are close to their steady-state distributions under the strain-specific parame-
ters as shown in Supplementary Table 2.) Second, we modify our equations to reflect each
experimental condition as follows: To model CHX exposure, which halts protein synthesis,
we set & = = 0 in Equation (4). To model GdnHCI, which halts aggregate fragmentation,
we set v = 0 in Equation (4).

Extended Data Fig. 4 shows the resulting aggregate size distributions under GdnHC1
and CHX exposure for both strains. We first note that under GdnHC] exposure, our math-
ematical formulation predicts increases in the aggregate size distribution for all conditions.
This is to be expected because, with no fragmentation, the only course of action is for the
aggregates to increase in size. This is also consistent with the experimental results (7).
However, under CHX exposure, our mathematical formulation is only consistent with the
experimental result of significant shifts in the aggregate distributions for both strains (main
text) when [PSTT]Weak has a larger minimum seed size, as we will explain further.

First, we note that under CHX exposure both [PSI+]5%°n8 and[PSTT]Weak aggregate
distributions shift to smaller sizes, but by 180 minutes the resulting distribution has stabilized
(Extended Data Fig. 4b). This is because under CHX exposure (Equation (4) with a@ =
i = 0) the aggregate distribution approaches a new steady-state distribution with average
aggregate size (2n, — 1). The average of this steady-state distribution is necessarily smaller
than the average steady-state aggregate distribution before CHX exposure (Equation (11c))

and illustrated by comparisons between the original distributions (solid-shaded) and steady-
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state distributions (gray; Extended Data Fig. 4e). In comparing our mathematical results
under CHX exposure to the experimental results (in the main text), we pay particular
attention to the response of the aggregate distribution as a function of the amount of time
the cells were exposed to CHX.

In our model, we quantify the shift in the aggregate size distribution by comparing the
number of aggregates of size ¢ before exposure to CHX, X;, to the number of aggregates of
size i after ¢ > 0 minutes of exposure to CHX, C;(t). More specifically, we look at the area

between the two aggregate distributions at time ¢, S(¢):
S(t) = (Ci(t) — Xi)* Equation (12)

where (C;(t) — X;)" = (Ci(t) — X;) if C;(t) — X; > 0, and 0 otherwise. (Refer to the shaded
gray region in Extended Data Fig. 4c.)

As mentioned above, for our chosen strain-specific parameters the [PSTT]5%°"8 and
[PSTH]Weak distributions have stabilized and S(¢) has nearly converged by ¢ = 180 min-
utes (Extended Data Fig. 4a, b, h). For the [PSI*]Veak strain, this behavior is not possible
when its seed size is chosen to be the same as the [PSI]5° strain n, = 5 (Extended
Data Fig. 4f, g). This decrease in aggregate sizes is also consistent with the decreases shown
in the experimental results for the aggregate size distribution under CHX exposure (Fig. 4
a, ¢, d, e). The shift in the aggregate size distribution between the original steady-state
distribution (without CHX) to the new distribution (with CHX) depends on the relative

difference between the two steady-states.
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Supplementary Table 1: Estimated A values for experimental induction cures

Strain A [pin] A [PIN#] Ratio: A [pin]/x [PIN#]

[PSH]Strong 84.06 45.39 1.85
[PSF]Weak 4.42 30.51 0.14



Supplementary Table 2: Kinetic parameters for prion strains for the deterministic
nucleated polymerization model of aggregate dynamics, Equation (4)

Strain no Soluble Avg. Agg. B (UM min)- ¥ (min)-
Fraction Size
[PSH]Strong 5 0.20 15 0.11673 0.00150305
[PSI#]Weak 5 0.35 40 0.214993  0.000819846

[PSF]Weak 15 0.25 40 0.147881  0.000290913



Supplementary Table 3: S. cerevisiae Strains

Strain Genotype Reference

MATala [psi] [PIN*] ade1-14/ ade1-14 trp1-289/ trp1-

sSY1847 289 his34200/ his34200 ura3-52/ura3-52 leu2-3, 112/ This study
leu2-3, 112
MATala [psi] [PIN*] ade1-14/ ade1-14 trp1-289/ trp1-

SY1879 289 his34200/ his34200 ura3-52/ ura3-52 leu2-3, 112/ This study
leu2-3, 112 HSP104/hsp104::leu2::kanMX3
MATalo. [PSI¥]Stona [PIN*] ade1-14/ ade1-14 trp1-289/

SY2078 trp1-289 his34200/ his34200 ura3-52/ura3-52 leu2-3,  This study
112/ leu2-3, 112 HSP104/hsp104.::leu2::kanMX3
MATala [psi] [PIN*] ade1-14/ ade1-14 trp1-289/ trp1-

SY2079 289 his34200/ his34200 ura3-52/ ura3-52 leu2-3, 112/ This study
leu2-3, 112 HSP104/hsp104::leu2::kanMX3
MATalo [psi] [pin] ade1-14/ ade1-14 trp1-289/ trp1-

SY2080 289 his34200/ his34200 ura3-52/ ura3-52 leu2-3, This study
112/ leu2-3, 112 HSP104/hsp104.::leu2::kanMX3
MATa [psi] [PIN*] ade1-14 trp1-289 his34200 ura3-52  Chernoff et al.

SLL2119  jgy0.3 112 (1995)
MATa [psi'] [pin] ade1-14 trp1-289 his34200 ura3-52 _
leu2-3, 112 This StUdy
MATa [psi] [PIN*] ade1-14 trp1-289 HIS::SUP35R2E1 _

SY3650  yra3-52 leu2-3, 112 SUP35::SUP35R2E1 This study
MATa [PSH]Stong [PIN#] ade1-14 trp1-289 _

Syooa7  HIS:SUP35R2E1 ura3-52 leu2-3, 112 Langlois et al.
SUP35:SUP35R2E1 2016
MATa [PSI+]SCS7 ade1-14 his3A200 l‘rp1-289 ura3-52 Tanaka et al.

SY2086 leu2-3, 112 2006
MATalo. [PSI¥]Stona [PIN*] ade1-14/ ade1-14 trp1-289/ .

SLL3071  rp1-289 his34200/ his3A200 ura3-52/ura3-52 leu2-3, DiSalvo etal
112/ leu2-3, 112 2011
MATalo. [PSI¥]Stona [PIN*] ade1-14/ ade1-14 trp1-289/

SY3604 trp1-289 his34200/ his34200 ura3-52/ ura3-52 leu2-  This study
3, 112/ leu2-3, 112 HSP104/hsp104::leu2
MATalo. [PSI¥]Stone [PIN*] ade1-14/ade1-14 trp1-

SY3605 289/trp1-289 his34200/ his34200 ura3-52/ ura3-52 This study

leu2-3, 112/ leu2-3, 112 rnq1::kanMX3/rnq1::kanMX3



SY3606

SY3619

SY3628

SY3073

SY3074

SY3681

SY3682

SY3683

SY3684

MATalo. [PSI¥]Stone [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/ his34200 ura3-52/ ura3-52 leu2-3,
112/ leu2-3, 112 HSP104/hsp104::leu2
rnq1::kanMX3/rnq1::kanMX3

MATala. [PSI¥]Weak [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112

MATala. [PSI¥]Weak [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112 HSP104/hsp104.::leu2

MATala. [PSI¥]Weak [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112 rnq1::kanMX3/rnq1::kanMX3

MATala. [PSI¥]Weak [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112 HSP104/hsp104::Leu2
rnq1::kanMX3/rnq1::kanMX3

MATalo. [PSI¥]Stone [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112::LEU2 Psupss NM-HA
SUP35/sup35::HIS3

MATa/a [PSI*]5ong [pin] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112::LEU2 Psupss NM-HA
SUP35/sup35::HIS3 rnq1::URA3/rq1::URA3

MATa/c [PSI+]Veak [PIN*] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112::LEU2 Psupss NM-HA
SUP35/sup35::HIS3

MATa/c [PSI#]Veak [pin'] ade1-14/ade1-14 trp1-289/
trp1-289 his34200/his34200 ura3-52/ura3-52 leu2-3,
112/ leu2-3, 112:: LEU2 Psupss NM-HA
SUP35/sup35::HIS3 rnq1::URA3/rq1::URA3

This study

This study

This study

This study

This study

This study

This study

This study

This study



Supplementary Table 4: Oligonucleotides

Oligonucleotide

Sequence

MSO 50

MSO 51

FP 35

FP 36

5 ACGTACATATAGCCATACAAACGTATAGCAAAGATCTGAA
CAGCTGAAGCTTCGTACGC 3

5" AATACGTAAACAAAGGATAGAAGGCGAACTGAATCATCGT
GCATAGGCCACTAGTGGATCTG &

5 ACTTGCTCGGAATAACATCTATATCTGCCCACTAGCAACAC
AGCTGAAGCTTCGTAG 3’

5 GGTATTATTGTGTTTGCATTTACTTATGTTTGCAAGAAATGC
ATAGGCCACTAGTGGAYC 3’



Supplementary Table 5: Plasmids

Name Description Reference
SLL5306 pYS104 Patino et al. 1996
p6442 pRS316-pCUP1-NM-GFP Liu et al. 1999
p6430 pRS316-pCUP1 Liu et al. 1999
JDLB 1-1-9 pFA6aKanMX4 Longtine et al. 1998
SLL5310 pYABL5 Chernoff et al. 1995
SB194 M3926 leu2::KanMX3 Voth et al. 2003
SLL5632 pLH102 DiSalvo et al. 2011
SLL6798 pJC25NMstop Serio et al. 2000
SB1183 pRS413 Cup1-Sup35NM-GFP This study

SB1184 pRS413 Cup1 This study

JDLB 126  pFA6a-CaURA3MX4 f\aﬂggjts‘iigringdgg
JDLB 1-2-2 pFA6a-His3MX6 Longtine et al. 1998
SB653 pRS30535pNM HA Pezza et al. 2014
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