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

Janice Villalil*+1, Jason Dark?#*, Teal M. Brechtel3, Fen Pei3", Suzanne S. Sindi2”, Tricia R.
Serio%”

1Department of Molecular Biology, Cell Biology and Biochemistry, Brown University, Providence,
RI

’Department of Applied Mathematics, The University of California, Merced, Merced, CA
3Department of Molecular and Cellular Biology, The University of Arizona, Tucson, AZ

4Department of Biochemistry and Molecular Biology, The University of Massachusetts Amherst,
Ambherst, MA

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 /n 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 [PS/] prion /n 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 /7 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,
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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 /n vivo, both extremely rare events, lags considerably far behind.2:3

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-B structure.2 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 /n vitrois the assembly of a nucleus of minimum defined size, which
represents a local turning point demarcating the transition from thermodynamically
unfavored to favored associations.8 The concentration dependence of the nucleation process
is thought to be the major factor limiting the spontaneous appearance of amyloid /n vivo.8:9
Once formed, the nucleus rapidly incorporates additional monomers, leading to the
formation of a thermodynamically stable aggregate of minimum size g, previously termed
the minimum nucleation seed,1 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.11-16 A well-characterized and experimentally tractable example of this
effect, known as proteostasis collapse, is the appearance of the yeast prion [PS/*], which is
determined by the amyloid form of the Sup35 protein.1”=25 [PS/*] can arise spontaneously
or following transient overexpression of Sup35 but only in yeast strains propagating the
[P/N'] (inducible to [PSF]) prion, which is most often determined by the amyloid form of
the Rnq1 protein.13:14.26 The favored model suggests that Rnql amyloid acts as a
heterologous template for the direct assembly of Sup35 seeds /n7 vivo. However, key
predictions of this model, including a link between the frequency of [PS/*] appearance and
either the accumulation of Rngl amyloid or its association with Sup35, have not been
demonstrated.® More generally, while direct interactions between amyloidogenic proteins
are thought to occur,2 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,13-15.28-30

Indeed, quantitative analyses of amyloid dynamics /n 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.
43132 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.16:33-36 These
observations raise the possibility that misfolded and aggregated proteins or amyloids can act
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at regulatory steps subsequent to seed formation to promote amyloid appearance by other
proteins, an idea that has been largely untested.3

Here, we demonstrate that the [ P/A/] 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 [P/N*'] on events subsequent to seed formation, we assessed [PS/*]
appearance following the transfection of /n vitro assembled amyloid fibers of the Sup35
prion-determining domain (NM; aa 1-254)19 into yeast. This approach bypasses the
requirement for de novo seed formation and does not require [P/NV*].37:38 Previous studies
suggested that delivery of a single amyloid fiber was sufficient to convert yeast from the [os/
~] (non-prion) to the [PS/*] state.3! We repeated this analysis by transfecting non-prion yeast
(Los/ 1[pin]) or those with the [P/\*] 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).37 We then compared the fit of the concentration-dependence of [PS/*] appearance to
models using one to three fibers (see Supplementary Note 1) as has been previously done.30
Although the [A/N*] and [pirr"] 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 (A) for [P/N*] and [/ ] 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, [P/N*] had minimal impact on the concentration-dependent appearance of [PS/
*] using Sc4 amyloid (Fig. 1b) but promoted [PS/*] appearance at lower concentrations of
Sc37 amyloid (Fig. 1c). The positive impact of [P/N*] following delivery of pre-formed
Sc37 amyloid indicates a role for this factor in [PS/] 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).20:39-45 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
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creating a heterozygous disruption and compared the appearance of [PS/*] following
transfection of Sc37 amyloid fibers into HSP104/HSP104 or HSP104/A diploid yeast strains
in the presence or absence of [P/N*]. In the [pir] strain, heterozygous disruption of
HSP104 promoted [PS/*] appearance at slightly lower concentrations of Sc37 amyloid
relative to wildtype (Fig. 1d), mirroring the effect of [P/\/*] albeit at a slightly lower
magnitude (Fig. 1c). In the [P/N*] strain, this effect was reversed: [PS/*] appearance
occurred at slightly higher concentrations of Sc37 amyloid relative to wildtype in a strain
with a heterozygous disruption of HSP104 (Fig. 1e).

What is the basis of this effect? Rngql amyloid is a substrate of Hsp104.26:46 |f Rng1

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 [P/N] alone), [PS/*] 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, [PS/*] appearance is slightly reduced (i.e. heterozygous
disruption of HSP104 alone) or inhibited (i.e. the combination of heterozygous disruption of
HSP104 and [PINT]) relative to the presence of [ P/N*'] 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, [P/A] should reduce the fragmentation of existing Sup35
amyloid as well. We tested this idea using yeast strains with naturally occurring [PS/*]
variants known as [PS/]50N9 (~[ £S/+15¢4) and [PS/+]Weak (~[ PS/F]5C37)3L47 Heterozygous
disruption of HSP104in a [PS/*]5°Nd 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.32 Notably, homozygous disruption of RNQI
(Extended Data Fig. 1c), which eliminates [P/V*],1314 did not alter this effect (Fig. 1f),
consistent with the insensitivity of [PS/*] appearance to the presence of [P/N*] upon
transfection of Sc4 amyloid (Fig. 1b). In contrast, heterozygous disruption of HSP104
(Extended Data Fig. 1a) severely inhibited the propagation of [PS/f]WeaK 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 [ P/AF] by homozygous disruption of RNVQZ (Extended Data Fig.
1c) reversed the impact of heterozygous disruption of HSP104 on [PS*]Weak 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, ). Thus, the fragmentation defect induced by
heterozygous disruption of HSP104 is exacerbated by [P/N*], consistent with the idea that
Rng1 and Sup35 amyloid compete for access to Hsp104. Notably, the presence of [PS/*] did
not alter the accumulation or size of Rng1 amyloid as previously reported*8 even in a strain
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with a heterozygous disruption of H#SP104 (Fig. 2a), indicating that Hsp104 is limiting for
[PSI*] but not [ PINF] 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,%° [PS/*] 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 [PS/*] loss (Extended Data Fig. 2c).
Importantly, heterozygous disruption of H#SP104 does not impact [ P/N*] propagation
directly: the size of SDS-resistant (Fig. 2a) and native (Fig. 2c) Rnql aggregates, the
accumulation of total and soluble Rng1l protein (Fig. 2d), and the number of heritable Rngl
particles (Fig. 2e), were all similar in wildtype and HSP104/A strains. Thus, wildtype
Hsp104 levels restrict the appearance of [S/*] not only following transfection of amyloid
(Fig. 1d) but also during its de novo formation.

If fragmentation does reduce [PS/*] 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 [PS/] appearance.59-52 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 [PS/*] appearance using a fluctuation test. Indeed, the rate of [ PS/*] 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 [P/N*]-dependent limit on the appearance of a stable [PS/*] state after the formation of
a Sup35 seed. If [P/NV'] indeed acts by competing with [PS/*] for Hsp104, we would expect
Hsp104 binding to Sup35 amyloid to increase upon elimination of [ P/A/]. To test this idea,
we expressed HA-tagged NM in [P/N*] and [pir ] strains propagating either the [PS/]Ston9
or [PS*1WeaK prion variants, quantitatively immunocaptured the tagged protein and the co-
aggregated full-length Sup35,53 and assessed Hsp104 binding by SDS-PAGE and
immunoblotting. While previous qualitative observations did not capture [P/N*]-dependent
differences in chaperone binding to Sup35,°4 our optimized conditions revealed that Hsp104
binding to Sup35 aggregates in a [AS/*]5tNd strain increased by ~12% when [P/N*] was
eliminated (Fig. 2f, Extended Data Fig. 2d), providing direct evidence of competition.
Remarkably, the loss of [ P/N*'] had an even greater effect on Hsp104 binding to Sup35
aggregates in a [PS/]WeaK strain, increasing its association by ~23% (Fig. 2f, Extended Data
Fig. 2d). This observation suggests that Sup35 aggregates in the [P5/*]"eak conformation
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compete less efficiently with Rnql aggregates in the [P/N*] strain for Hsp104 binding than
Sup35 aggregates in the [£S/]5t0N conformation. This difference provides a direct
explanation for the enhanced sensitivity of this variant to the presence of [P/N*'] in fiber
transfection experiments (Fig. 1b, c). Together, these observations indicate that [ /]
promotes the appearance of a stable [PS/'] 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 [PS/*] curing in response to transient heat
shock#® indicate that the [PS/*]Weak/[ £S/+15¢37 variant is more sensitive to clearance by
chaperone-mediated fragmentation than the [PS/*]StoN9/[ PS/F]5%4 variant. This
interpretation, however, is not consistent with the observation that the [PS7t]Weak/[ pS7+]5¢37
variant has a lower rate of fragmentation than the [2S/*]5toN9/[ £S/+]15¢4 variant both in vitro
and 7n vivo.31:3243 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 /7 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 7, (i.e. the seed); these complexes grow bi-
directionally through the addition of monomers to their ends and can be fragmented at any
monomer-monomer interface to create two aggregates that persist when their sizes are
greater than or equal to 7. 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 15 before cell division. Aggregates below size 115 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 (8) and fragmentation () rates at a constant seed size (7,) of five.
In contrast to previous studies,3132 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 [PS/*] 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 models31:32 but consistent with our observations above,
the stochastic persistence model captured a decrease in the probability of [~S/*] 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 [PS/]SUON9/[ PS/F]5¢4 and [PSIH]Weak/[ PS1¥]5¢37 variants in parameter
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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. 3c).31:32 These values
captured both the decrease in aggregate size upon inhibition of Sup35 synthesis, which
limits conversion and allows fragmentation to dominate the aggregate dynamics (Extended
Data Fig. 4a, b),32 and an increase in aggregate size upon inhibition of fragmentation, which
allows conversion to dominate the aggregate dynamics (Extended Data Fig. 4c, d).32 Based
on these analyses, [PSI*]STON9/[ PS/F]S¢4 existed at a higher fragmentation rate () than [PS/
*Weak/[ p5/+15¢37 within the stable amyloid zone (Fig. 3b, square vs. triangle, respectively).
Surprisingly, these parameter values place [PS/+]5°N9/[ £S/+15¢4 closer to the boundary
between stability and instability at high fragmentation rates than [PS/]Weak/[ pS/+15¢37 (Fig.
3b), suggesting an increased sensitivity of [2S/]5t"9/[£S/]54 to clearance. This
mathematical prediction is incompatible with /n vivo observations of both prion appearance
(Fig. 1b, c) and heat shock-mediated prion curing,*> which both promote clearance of [PS/
*Weak/[ pS/+1SC3T over [PSI+]StONY/[ PS54 at elevated fragmentation rates. Thus, the
biochemical rates of conversion and fragmentation, which have been used to define prion
conformational variants at steady-state,31:32 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 [PS/*]Weak/[ PS/+15¢37 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 aggregates with a larger /15 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 25, (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 ngis more robust to chaperone-mediated disassembly and clearance.

Based on this logic, the increased sensitivity of [PS/f]Weak/[ PS1t]5¢37 to fragmentation-
mediated clearance could be explained if it has a larger 715 than [PS/+]5tron9/[ AS/+]5¢4,
Indeed, increasing 725 from five to fifteen for [PS/*]Weak/[ pS/F15¢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. 3c) shifted this variant
to a precipice in the stochastic persistence model, where a slight increase or decrease in
fragmentation rate would lead to [PS/*] loss (Fig. 3b, circle on right). This situation
contrasts with that of the [£S/+]5ron9/[ £S/+15¢4 variant, which is predicted to remain stable

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Villali et al.

Page 8

to similar perturbations (Fig. 3b, square on left). These mathematical predictions capture the
relative sensitivity of the variants to the same manipulations in vivo.4>>" Notably, [PS/
*Weak/[ pS/+15¢37 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]5trong/[ £S1F]5¢4 and fifteen for [PS1]Weak/[ PS/H15C37, Fig. 3e, squares). Moreover, the
peak occurred at a lower fragmentation rate for the [PS/]Weaki[ £5/+15¢37 than for [PS/
*]Strong/[ AS/F1SC4 (Fig. 3e), as observed in our amyloid transfection experiments (Fig. 1b, c).
Thus, the parameters defining the two conformational variants (8, y, 1) indicate that these
states are optimal for [PS/*] appearance.

While the range of seed sizes used in our modeling are consistent with the minimum sizes
previously reported for [PS/F]St°"9 and [PS/+1Weak amyloid distributions,®® we cannot
determine the absolute seed size more directly because the /n 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 [PS1]50N9 and [PS/+]Weak variants /7 vivo. Our deterministic system reveals that upon
inhibition of Sup35 synthesis, the aggregate size distribution shifted to smaller sizes but does
not breach ng, because aggregates below this size are disassembled (Extended Data Fig. 4a,
b). This shift occurred over an extended period for [PS/*]Weak with a seed size of five
(Extended Data Fig. 4e, f, g); however, the shift is predicted to rapidly reach its full extent
for [PSIF]57°9 with seed size of five (Extended Data Fig. 4a) and [PS/f]Weak 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 [PS/F]5°"9 and [PS/]WeaK strains with
cycloheximide and monitoring the lower boundary of the aggregate size distribution. Sup35
aggregates in the [PS/*]57°N9 strain shifted to faster migrating species than those in the [PS/
*]Weak strain (Fig. 4a). This observation indicates that [£S/*]57°"9 has a smaller 775 than [PS/
*Weak  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

To determine if 775 differences can explain other confounding fragmentation-mediated [PS/*]
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 [PS/*]
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 R2E1 amyloid persistence at this higher rate of fragmentation can only occur if
the R2E1 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. 4c), indicating that the
mutant has a smaller 7.
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Second, we compared the seed sizes of the [PS/]Weak and [PS/+15¢37 variants. These
variants have similar /7 vivo phenotypes and similar Kinetic stabilities, suggesting they have
similar rates of fragmentation /in vivo.*3 Nonetheless, [PS/15¢37 is lost more readily in the
presence of the G58D mutant of Sup35,43 which promotes fragmentation-mediated amyloid
clearance.** Our model predicts that the increased sensitivity of [£S/*]5¢37 to G58D
expression can only be explained by a larger seed size (Fig. 3d). Indeed, Sup35 amyloid
from the [PS/*]WeaK strain shifted to a faster migrating species than that from the [P5/+]5¢37
strain, indicating the latter has a larger ng (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 [PS/]5°"9, and heat shock
preferentially cures [PS/+]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 [PS/F]5t°"d amyloid composed of wildtype Sup35 increases its seed size. Indeed,
Sup35 amyloid shifted to a faster migrating species than that of Sup35:G58D amyloid (Fig.
4e), indicating that the mixed amyloid has a larger 71, 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 /n 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 7~ 1.5 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 [P/N*], significant gaps in
experimental support for this model remain.3 Independent of this open question, our findings
reveal an unrelated role for [P/\*] 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 [P/N'], other aggregation-prone proteins have been proposed to promote [PS/]
appearance upon their overexpression by titrating the chaperone machinery.62:63 The
evidence in support of such a model is most robust for overexpressed Pin4c, which co-
localizes with Hsp104 and Sis1 in cytoplasmic foci, induces an increase in Sup35 aggregate
size, and promotes loss of [£S/'] that can be reduced by overexpression of Hsp104 or
Sis1.62 However, [P/N*] was not previously demonstrated to alter the size of Sup35
aggregates at physiological levels of Rnqg1,48 as would be predicted if it acted to titrate
chaperones.3 Nonetheless, the ability of [P/A*] to induce [PS/] loss under some conditions
did demonstrate interference between the two prions.5465 Qur studies reconcile these
seemingly disparate observations by demonstrating dose dependency: the impact of [P/N*]
on [PS/'] appearance and propagation becomes apparent when Hsp104 is limiting (Fig. 1 d,
e, h), lending further support to a role for [P/A/*] in chaperone titration.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Villali et al.

Page 10

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 [P/N*] (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. [ P/A/f] variants were originally
identified by their distinct efficiencies in promoting the frequency of [ PS/*] appearance /n
vivd®* and were subsequently shown to differentially promote the appearance of [PS/*]
variants.>466 This variant specificity has been interpreted as support for the heterologous
templating model of [PS/*] appearance, perhaps through the stabilization of
conformationally distinct seeds.6” An alternative, but not mutually exclusive, interpretation
is that [P/N*] 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 [PS/'] induced /n vivois altered by changes in Hsp104 levels and activity or by
the presence of different mutants of the heat-shock master regulator Hsf1,51:52.68 and [ PIN*]
variants are differentially sensitive to chaperone mutations.59-73

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 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 (f) and fragmentation ().31:32 Nonetheless,
these aggregate dynamics are unable to account for prion transitions, revealing a mechanistic
gap specific to the appearance and clearance of amyloid /n7 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).*’4 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 vivoand 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 Sup35.76.77
These observations, along with the increase in amyloid appearance with the decline of the
proteostasis network during aging,11:12 suggest that an interacting network of similar
parameters may limit amyloid appearance in higher eukaryotes. If that is the case,
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therapeutics aimed at shifting amyloid variants to conformers with increased seed size, as we
have demonstrated for incorporation of G58D into Sup35 amyloid, could emerge as effective
complements to proteostasis modulators in the treatment of protein misfolding diseases.

S. cerevisiae Strains

Plasmids

All yeast strains used in this study are derivatives of 74D-69420 and are listed in
Supplementary Table 3. Disruptions of RKIVQ1 were generated by transfection of PCR-
generated cassettes using pFA6aKanMX4 or pFA6a-CaURA3MX4 as a template with the
indicated primers (MSO50, MSO51, 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 pYABLS5 (a gift from
S. Lindquist) and selection on minimal medium lacking leucine. The LEUZ marker was
subsequently disrupted with kanM X4 by transfecting a BamH| fragment of SB194 and
selecting on YPD+G418. SUP35 disruptions were generated by transfection of PCR-
generated cassettes using pFA6a-His3M X6 as a templated with indicated primers (FP35,
FP36, Supplementary Table 4). All disruptions were created in diploid strains and verified
by PCR and segregation. [ps/][PIN*] derivatives were generated by overexpression of
Hsp104 in the parental [PSIF][P/N'] derivative by transfecting plasmid pYS104 (a gift from
S. Lindquist), selecting on minimal medium lacking uracil, and counterselecting on 5-FOA.
[psi1[pi] derivatives were generated by GdnHCI treatment of the parental [PS/F][PIN']
derivative. [ P/\V'] status was confirmed by analysis of Rnql aggregates by SDD-AGE (see
Protein Analysis) and by [PS/t]-inducibility following overexpression of the prion-
determining domain of Sup35 (see [PS/*] Induction Studies). pPRS30535pNM HA was
integrated at the LEUZ 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).

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 £agi-Sacl-
digested pRS413. The X#ol 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 Sadl, 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 CuSOq4
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.4® For [PS/] induction
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promoted by pre-assembled Sup35 amyloid, the prion-determining domain of Sup35 (NM)
was expressed in £. coli, purified and assembled into amyloid fibers as previously
described31:78 and transfected into yeast as previously described.”® Transfectants were
plated on YPD to assess colony color. In all cases, [PS/*] 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 [PS/'] loss was determined using a fluctuation test.

Protein Analysis

Quantitative immunoblotting, SDS-PAGE, semidenaturing agarose gel electrophoresis
(SDD-AGE), and SDS-sensitivity experiments were performed as previously described®
with the following maodifications. Protein was transferred to Odyssey Nitrocellulose
(L1_COR, Lincoln, NE), and immunoblotting included the secondary antibodies IRDye
800CW Goat anti-Rabbit (LI-COR, Lincoln, NE) for Sup35, Rngl 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.>3 Anti-Sup35,60
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 Rngl 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 Rngl. Levels of aggregated and soluble Sup35 were determined by
separation on SDS-PAGE and immunoblotting as previously described.82 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 [PS/] upon overexpression of Sup35 if they are propagating the [P/A/*] prion.
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 50uM
CuS0O, 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 [PS/
*] colonies, corresponding to the number of [ P/A/F] propagons, were counted. Control
experiments where single colonies were picked on minimal medium not containing 3mM
GdnHCI show > 95% [PS/*] induction, while strains transfected with p6430 had no [PS/*]
appearance.
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Mathematical Modeling

Fiber transfection experiments were analyzed to determine the number of fibers necessary to
induce the [PS/*] state by scaling out both the concentration of fibers and the concentration
of fibers taken up by cells as previously described.3! 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 (&), 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 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.

Extended Data
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Extended Data Fig. 1. Protein abundance for strains with heterozygous disruptions of HSP104
and/or RNQ1

The relative levels of Hsp104 (a), Sup35 (b), and Rng (c) in lysates from diploid yeast
strains analyzed in Fig. 1 e, f, g were determined by SDS-PAGE and immunoblotting with
specific antisera. Strains carried wildtype (+/+), heterozygous (+/A), or homozygous (A/A)
disruptions of H#SP104 or RNQL and the indicated variant of [PS/]. Protein levels are
expressed relative to the protein levels in wildtype version of the same prion strain (i.e. [PS/
*15tong or [PS/F1WeaKy in arbitrary units (a.u.). Data are mean and s.d. from 3 independent
experiments performed with independent cultures. Data for the graphs in panels a-b are
available as source data.
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Extended Data Fig. 2. Hsp104 abundance, availability and association with Sup35 in strains with
varying copy number or propagating [PIN¥]

The relative levels of Hsp104 (a) and Sup35 (b) in lysates from diploid yeast strains used to
determine the frequency of [PS/*] appearance in response to transient overexpression of the
Sup35 prion domain (Fig. 2c) were determined by SDS-PAGE and immunoblotting with
specific antisera. Strains carried wildtype (+/+), heterozygous disruptions of HSP104 (+/4),
or an extra copy of HSP104 (+/++). Protein levels are expressed relative to wildtype in
arbitrary units (a.u.). Data are mean and s.d. from 3 independent experiments performed
with independent cultures. c. The frequency of spontaneous loss of the indicated [PS/]
variant was determined in yeast strains carrying wildtype (+/+, black), heterozygous
disruptions of HSP104 (+/A, gray), or an extra copy of HSP104 (+/++). Data shown are
means; error bars represent 95% confidence intervals from ten independent cultures. d.
Representative immunoblots of SDS-PAGE gels following immunocapture of NM-HA from
lysates isolated from the indicated [PS/*] variant using either specific (anti-HA) or non-
specific (anti-MYC) beads. Both [P/N*] (+) and [p/7] (<) strains were analyzed for capture
of NM-HA and co-capture of Sup35 and Hsp104, using specific anti-sera. A non-specific
band cross-reacting with the HA antiserum is indicated (*). Data for the graphs in panels a-c
and uncropped images for panel d are available as source data.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Villali et al.

Amplification Probability

Number of Aggregates

2-16 ‘ 2-12 2-8‘ ‘ 2-4
Fragmentation Rate (min™')

300
250 ¢
200 ¢
150 ¢
100 ¢

50 f

0L
0

20 40 60 80 100 120 140
Aggregate Size (monomer)

Page 16

Amplification Probability
o
[6)]
T

(-
2-20 2-16 2-12 28 -4

Fragmentation Rate (min)

Extended Data Fig. 3. Aggregate amplification probabilities and size distributions
A stochastic persistence model of Sup35 aggregate dynamics /7 vivo determines the

probability of amplification of a single Sup35 aggregate as a function of fragmentation rate
with Sup35 expression levels (a) at 25% (red), 50% (orange), 100% (teal), 200% (blue) or
400% (purple) or Sup35 aggregate numbers (b) of one (red), two (orange), four (blue) or
eight (purple) for [PS/F]57oN9 with a seed size of five. c. Aggregate size distributions for
[PSIF]5toN9 with a seed size of five (solid black), [PS/*]Weak with a seed size of five (dashed
red), or [PSrf]Weak with a seed size of fifteen (solid red) are shown.
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Extended Data Fig. 4. Aggregate size distribution shifts in response to experimental perturbation
The aggregate size distributions revealed by our deterministic model (shaded) shift in

response to inhibition of Sup35 synthesis (a, b) or Hsp104-mediated fragmentation (c, d)
after 90 min (solid, unshaded),180 min (dashed, unshaded), 270 min (dotted, unshaded) or at
its steady-state (gray, unshaded) for strains propagating [~S/15°"9 with a seed size of 5 (a,
c) or [PSr*]Weak with a seed size of fifteen (b, d). e. The distribution of aggregate sizes
before (X, solid black) and after (C{ 9, dashed black) #minutes of inhibition of Sup35
synthesis is shown. The shift in the size distribution, S8, is quantified as the area between
the curves when C{f) > Xj(shaded area). f. The size distribution of Sup35 aggregates from a
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strain propagating [PS/*]Weak with a seed size of five (shaded) shifts upon inhibition of
Sup35 synthesis for 90 min (solid, unshaded), 180 min (dashed, unshaded), 270 min (dotted,
unshaded) or at its steady-state (gray, unshaded). g. and h. The shifts in aggregate size
distribution over a range of fragmentation and conversion rates that match the steady-state
soluble level of Sup35 were monitored at 90 min (solid), 180 min (dashed), 270 min (dotted)
and steady-state (gray) for a strain propagating [PS/*]"Veak with a seed size of five (g) or
fifteen (h). The x-axis shows the fragmentation rate scaled to the strain-specific value in
Supplementary Table 2 (vertical black line). While [PSH+]WeaK with a seed size of five (g)
shifts slowly to its steady-state distribution, [~S/]"eak with a seed size of fifteen (h) rapidly
reaches is steady-state distribution, matching our empirical observations (Fig. 4a).
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Extended Data Fig. 5. Fiber transfection fitting
Fiber transfection experiments from Fig. 1 were fit mathematically to determine the number

of fibers required to induce a stable [PS/*] state. Shown are the observations (black) and fits
for fibers of the prion domain of Sup35 assembled at 4°C (Sc4) or at 37°C (Sc37) in [pinT]
(a, ) or [PIN'] (b, d) yeast strains to a model of one (red), two (green), or three (blue)
fibers. Data shown are means and s.d. from at least two independent experiments performed
with independent cultures.
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Extended Data Fig. 6. Schematics of mathematical models
a. Schematic of nucleated polymerization dynamics used in the mathematical models. Non-

prion state Sup35 (circle) is synthesized at rate a and can join either end an amyloid
aggregate of Sup35 (polymer of squares) at a conversion rate 5. Amyloid aggregates are
fragmented at rate  at the interface between any two monomers. If the resulting two
aggregates are both greater in size than the minimum seed (7), the amyloid state persists
(blue); if either aggregate is smaller in size than rn, it will disassemble into non-prion state
Sup35 (red). b. The stochastic persistence model calculates the probability of each of three
outcomes, relative to cell division, upon the introduction of a single aggregate of minimal
size under nucleated polymerization dynamics: aggregate disassembly, retention of a single
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aggregate, and aggregate persistence (i.e. the creation of two aggregates greater in size than
ns).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

[/-'?IN* ] and deletion of Hsp104 combine to impact appearance and propagation of [PS/
*]Weak 3. Native monomer (circle) spontaneously and rarely (dashed arrow) associates to
form a nucleus of size 7y, 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 (28) 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
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(7). 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 (2). The products of fragmentation have two fates:
aggregates larger in size than n,are stable (black squares); aggregates smaller than 5, (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
*1 (black circles), [p/in] (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 [PS/F]S7°N9 () or [PS/]Weak (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
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.
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Fig 2.

Ct?anges in Hsp104 levels and binding impact [ PS/*] appearance but not [ P/A*] propagation.
a. Lysates from the indicated strains were analyzed by SDD-AGE and immunoblotting for
Rngl. Immunoblot shown is representative of three independent experiments performed
with independent cultures. b. The frequencies of [PS/*] appearance in diploid [P/IN"][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
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independent cultures. c. Lysates from [P/N*] strains with wildtype (+/+) or a heterozygous
disruption of HS5P104 (+/A) were analyzed by sucrose gradient, SDS-PAGE and
immunoblotting for Rngl. Immunoblots are representative of three independent experiments
performed with independent cultures. d. The fraction of total (T) and soluble (S) Rngl was
determined in lysates from diploid yeast strains wildtype (+/+) or heterozygous disruptions
of HSP104 (+/A). Data are mean and s.d. from 3 independent experiments performed with
independent cultures. e. The number of Rngl propagons was determined in the diploid yeast
strains with wildtype (+/+) or a heterozygous disruption of HSP104 (+/A). Horizontal lines
on boxes indicate 25M, 50t, and 75™ percentiles; error bars indicate 10t and 90t
percentiles from at least 8 independent experiments performed with independent cultures. f.
Binding of Hsp104 to Sup35 aggregates was determined in [P/N*] or [pir] yeast strains
propagating [PS/15t"9 or [ PS/+*]Weak by immunocapture of HA-NM. The increase in
Hsp104 binding to Sup35 aggregates in the [pir7] strains is expressed as a percentage over
the binding level observed in the [ P/A] 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.
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Fig. 3.

Mathematical modeling reveals the impact of seed size on [PS/*] stability. a. A heat map
from a stochastic persistence model of Sup35 aggregate dynamics /7 vivo indicates the
probabilities of loss (blue) of a single Sup35 aggregate as a function of conversion (8) 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 =5 on the 7,15 heat map). b. The heat map from panel (a) is expanded to
focus on the positions of [S/F]S°9 with a r, of five (black square), [PS/]Weak with a 7, of
five (black triangle), and [PS/]Weak with a 7, of fifteen (black circle). Dotted line indicates
95% loss; solid line indicates 50% loss, and dashed line indicates 5% loss. c. Diagram of the
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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 [~S/+]5°"9 as a function of fragmentation rate with a
seed size of five (black curve), [PS/*]Weak with a seed size of five (red dotted curve), or [PS/
*]Weak with a seed size of fifteen (red solid curve). The exact positions of [PS/+]5o"d (black
square), [PSIH]Weak (red circle or square) are indicated on each curve.
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Fig. 4.
Differences in seed size explain previously unexplained aspects of [PS/*] curing and

appearance. a. Diploid yeast strains propagating the [PS/]5°n9 or [ PS/*]WeaK 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 (4ny). b. The frequency of spontaneous [PS/*] 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,
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R2E1 or both WT and G58D Sup35 and the indicated [PS/] 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 (A4ny) 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.
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Schematic of biochemical processes impacting transitions between the [PS/*] and [psi]
states. Non-prion state Sup35 (ball and stick, middle) spontaneously adopts the [PS/]Stong
prion conformation (ball and corkscrew, left) or [PS/*]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 () for the [£S/]5°N9 than the
[PSIfWeak conformation. In [pir] 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 [PS/+]Weak
vs. dashed straight arrow for [PS/F]5t0"9), In [P/IN'] strains (bottom panels), aggregates of
Rngl (unfilled pinwheel) are 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 [P/N*] to allow their persistence and the appearance
of [PSI*] 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 [PS/]Weak variant, which is normally inefficient, is further reduced
(curved, dashed, red arrow) in the presence of [P/N*], interfering with the propagation of
this variant.
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