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Prions are protein conformations 
that “self-seed” the misfolding of 

their non-prion iso-forms into prion, 
often amyloid, conformations. The most 
famous prion is the mammalian PrP pro-
tein that in its prion form causes trans-
missible spongiform encephalopathy. 
Curiously there can be distinct confor-
mational differences even between pri-
ons of the same protein propagated in the 
same host species. These are called prion 
strains or variants. For example, differ-
ent PrP variants are faithfully transmit-
ted during self-seeding and are associated 
with distinct disease characteristics. 
Variant-specific PrP prion differences 
include the length of the incubation 
period before the disease appears and the 
deposition of prion aggregates in distinct 
regions of the brain.1 Other more com-
mon neurodegenerative diseases (e.g., 
Alzheimer disease, Parkinson disease, 
type 2 diabetes and ALS) are likewise 
caused by the misfolding of a normal 
protein into a self-seeding aggregate.2-4 
One of the most important unanswered 
questions is how the first prion-like seed 
arises de novo, resulting in the pathologi-
cal cascade.

Our recent article uses a yeast model sys-
tem to investigate the hypothesis that one 
prion aggregate cross-seeds the de novo 
aggregation of a heterologous protein.5 
In support of the hypothesis we find that 
different prion variants of one yeast pro-
tein preferentially promote the de novo 
appearance of different prion variants of a 
heterologous yeast protein. This would be 
expected if the shapes of the cross-seeding 
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prion variants preferentially converted the 
heterologous prion protein into variants 
with conformations similar to themselves.

In this article addendum we show that 
the preferential induction of specific prion 
variants depends not only of the variant 
of the cross-seeding prion, but also upon 
the temperature of incubation during the 
cross-seeding.

The Yeast Model System

[PSI+] is the prion form of the transla-
tional release factor, Sup35.6 Variants of 
[PSI+] are frequently distinguished on the 
basis of the level of cellular Sup35 protein 
in the aggregated prion vs. soluble non-
prion form.7-9 In addition, other proper-
ties can further distinguish variants that 
have identical levels of soluble Sup35.10 
Strong [PSI+] variants have less soluble 
Sup35 than do weak [PSI+] variants. Thus 
the strong variants have less functional 
Sup35 termination factor available and 
cause readthrough of premature nonsense 
codon mutations (i.e., nonsense suppres-
sion) more efficiently than weak [PSI+] 
variants. While strong [PSI+] variants 
have more aggregated prion protein, the 
protein aggregates are composed of deter-
gent resistant oligomers that are smaller 
in size than the corresponding oligomers 
in weak [PSI+] variants.11,12 Indeed, there 
are on average more prion seeds in strong 
[PSI+] variant cells than in weak [PSI+] 
variant cells.13 The larger number but 
smaller size of the strong [PSI+] seeds,12 is 
because their fibers break more easily than 
the weak [PSI+] fibers.14 Since prions grow 
at their fiber ends, strong [PSI+], grows 
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with their efficiency of [PSI+] induction 
(Table 1). Taken together, this indicates 
that [PIN+] variant-specific differences are 
not caused by differences in the ability of 
Sup35 to bind to the growing fiber ends of 
[PIN+] aggregates.

We also examined chaperones known 
to affect the propagation of prions, but 
found no differences in the levels of the 
chaperones Hsp104, Sis1, or Ssa1 associ-
ated with the different [PIN+] variant 
aggregates.33 This fails to support the 
titration model.

[PIN+] Variant-Specific Information 
is Transmitted to Newly Induced 

[PSI+] In Vivo

The above results suggested to us that 
the distinctions between the [PIN+] vari-
ants may reflect their different abilities to 
convert bound Sup35 into the prion con-
formation (step 2). If this were true, we 
reasoned that the [PIN+] variants may not 
only differ in the efficiency with which 
they convert soluble Sup35 to a prion, 
but may also differ in their preference to 
convert Sup35 into particular [PSI+] vari-
ants. Indeed, we found this to be the case. 
More weak than strong [PSI+] variants 
were induced in the presence of low and 
high [PIN+] variants, while the reverse was 
true in the presence of very high [PIN+] 
(Table 1 and Fig. 1).

To determine if the [PIN+] variant 
aggregates themselves were sufficient to 
control the spectrum of [PSI+] variants 
induced, we set up an in vitro system. As 
expected, low, high, and very high [PIN+] 
aggregates made in vitro promoted the 
conversion of soluble Sup35 to amyloid. 
However, when the in vitro seeded Sup35 
amyloid was transformed back into [psi–] 
yeast,34 where the [PSI+] variant induced 

of heterologous prion protein.5,23,27 
Furthermore, sonication of the fibers 
not only increases its ability to self-seed, 
but also enhances its ability to promote 
the aggregation of heterologous protein. 
This suggests that cross-seeding is occur-
ring at the growing fiber ends. In addi-
tion, another group showed that low level 
expression of a fusion of Sup35 and Rnq1 
dramatically increases the de novo appear-
ance of [PSI+] in the presence of [PIN+].28 
This can be explained by the cross-seed-
ing model since the Rnq1 in the fusion 
is expected to join the [PIN+] aggregate 
thereby bringing the soluble Sup35 in the 
fusion in contact with [PIN+], where it can 
be cross-seeded.

Support for the chaperone titration 
model has come from the findings that 
amyloid aggregates bind to and titrate 
chaperones away from the cytosol.29-31 It is 
also possible that both mechanisms con-
tribute to the increased de novo appear-
ance of the heterologous prion.

In our recent article we investigated 
why some [PIN+] variants cause the 
appearance of [PSI+] more efficiently 
than other [PIN+] variants in terms of the 
cross-seeding model.5 We hypothesized 
that the cross-seeding event contains two 
steps: (1) binding of soluble Sup35 to the 
[PIN+] seed and (2) conversion of the 
bound Sup35 to the prion state (see Fig. 
1). If the major difference between the 
efficiency of the [PIN+] variants were due 
to differences in the efficiency of binding 
of Sup35 to the [PIN+] cross-seed (step 
1) we reasoned that the different [PIN+] 
variants would be immune-captured with 
Sup35 with different efficiencies. This 
was not the case. Furthermore the num-
ber of [PIN+] seeds per cell characteristic 
for each [PIN+] variant, as determined by 
a genetic method,32 also did not correlate 

more rapidly than weak [PSI+] and thus 
have less soluble/functional Sup35.15,16

[PIN+], the prion form of the Rnq1 
protein,17-19 was initially uncovered by 
its ability to dramatically increase the de 
novo appearance of [PSI+] when Sup35 is 
overexpressed. [PIN+] variants were first 
distinguished on the basis of the (low, 
medium, high, and very high) efficiency 
with which they promoted [PSI+] appear-
ance.20 [PIN+] variants also differ in the 
amount of aggregated vs. soluble Rnq1 
protein and the size and number of fluo-
rescent dots that appear when Rnq1:GFP 
is overexpressed. However, these char-
acteristics do not correlate with the effi-
ciency with which the variants promote 
the induction of [PSI+] (see Table 1).

Testing the Mechanism  
of Variant-Specific  

Cross-Seeding Efficiencies

The ability of [PIN+] to promote the de 
novo appearance of [PSI+] could not result 
from inactivation of the aggregated Rnq1 
protein because a deletion of RNQ1 does 
not promote the efficient induction of 
[PSI+].21 We thus proposed that in addition 
to self-seeding, [PIN+] can also cross-seed 
the de novo conversion of the heterolo-
gous Sup35 prion protein into the [PSI+] 
prion.20-24 The frequency of the cross-seed-
ing was proposed to be much less efficient 
than self-seeding, and to depend on the 
conformation of the specific [PIN+] prion 
variant used.19,25 Another possibility also 
proposed21,26 is that the [PIN+] prion aggre-
gate binds to a prion inhibitor, titrating it 
away from the cytosol resulting in the more 
frequent conversion to the prion state.

Support for the cross-seeding model 
comes from in vitro demonstrations that 
prion fibers can promote the aggregation 

Table 1. Distinguishing properties of low, high, and very high [PIN+] variants

Distinguishing characteristics of [PIN+] variants Low [PIN+] High [PIN+] Very high [PIN+]

Effects on [PSI+]

Efficiency of [PSI+] induction + +++ ++++

Predominant [PSI+] variant induced in vivo at 30 °C weak weak strong

Predominant [PSI+] variant induced in vivo at 4 °C Not tested strong Not tested

Other features

Level of soluble Rnq1 ++ + +++

Single (s.d.) or multi (m.d.) fluorescent Rnq1:Gfp dots s.d. m.d. s.d.

Average [PIN+] seed (propagon) number/cell 25 ± 5 96 ± 17 50 ± 5

Oligomers break into sub-particles at 60 °C12 no yes no
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Interestingly, the environment also 
influences the type of variant formed 
in vivo. We demonstrated this in this 
addendum by altering the incubation 
temperature. Other cellular stressors may 
also influence the type of prion variant 
induced. If so the environment could pref-
erentially induce prions that provide an 
advantage in the stress condition.

These findings are likely to be rel-
evant to the de novo formation of amyloid 
aggregates of specific proteins associated 
with other neurodegenerative diseases.2-4 
Whether amyloid aggregates of a single 
protein can always form distinct vari-
ants associated with different disease 
characteristics remains to be determined. 
Evidence already hints that disease associ-
ated amyloid aggregates can cross-seed the 
de novo appearance of amyloid aggregates 
associated with a different disease.36,37
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suggests that variant differences occur at 
the second step of cross-seeding. Indeed, 
different [PIN+] variants appeared identi-
cal in the efficiency of the first step in cross-
seeding, the binding of soluble Sup35 to 
[PIN+] fiber. Furthermore, cross-seeding 
efficiencies did not reflect differences in 
the average number of [PIN+] prion seeds 
per cell characteristic for the variant. 
Rather, the second step in cross-seeding, 
the actual conversion of the bound Sup35 
to an amyloid conformation, is impli-
cated as the mechanism of [PIN+] vari-
ant differences. In this case the shape of 
the cross-seeding [PIN+] variant would be 
intrinsically more or less capable of con-
verting bound heterologous Sup35 into 
the [PSI+] prion. This is further supported 
by our finding that the [PIN+] prion vari-
ant used as the cross-seed affects the kinds 
of [PSI+] variant preferentially induced. 
In contrast, since none of the chaperones 
tested were preferentially titrated into one 
vs. another [PIN+] variant, there is no evi-
dence supporting the titration model.

could be scored, we found no preference 
for induction of weak vs. strong [PSI+] by 
any of the [PIN+] variants. Clearly other 
cellular factors not present in the in vitro 
system were necessary for the variant-spec-
ificity of cross-seeding seen in vivo.

Addendum: Temperature Effects 
Transmission of Variant-Specific 

Information

One environmental factor that controls 
the specificity of seeding in vitro is tem-
perature. Incubation of soluble Sup35 at 4 
°C in vitro in the absence of any seed, has 
been shown to promote the appearance of 
strong [PSI+], while incubation at higher 
temperatures preferentially causes the 
appearance of weak [PSI+].34 In contrast, 
once fibers are formed, they seed the for-
mation of fibers with their variant specific-
ity despite the incubation temperature.

Here were show that temperature also 
exerts a strong effect in vivo on the vari-
ants of [PSI+] preferentially induced in the 
presence of high [PIN+] (Figs. 1 and 2). 
Weak [PSI+] appeared preferentially when 
cells overexpressing Sup35 were incubated 
at room temperature, 30 °C, or 37 °C. 
However, strong [PSI+] appeared preferen-
tially when induction was at 4 °C.

It remains to be determined if tem-
perature (a) exerts its effect indirectly by 
changing the concentration of chaperones 
and other cellular proteins, (b) directly 
alters the conformation of the [PIN+] seed, 
or (c) alters the conformation of soluble 
Sup35 as depicted in Figure 1 and pre-
viously proposed to explain the in vitro 
results.35 Whatever the case, it is clear that 
both intra- and extracellular factors influ-
ence the frequency of induction of specific 
heterologous prion variants. While the 
work shown here is specific for effects of 
temperature, other stresses on the cell such 
as oxidative stress my also influence the 
preference for the appearance of specific 
prion variants. Since variants have differ-
ent effects on the cells, the environment 
could select for variants that promote 
survival.

Discussion

The data presented in our recent article5 
supports the cross-seeding model and 

Figure 1. Model showing preferential seeding of specific [PSI+] variants by [PIN+] variants at differ-
ent temperatures. Very high and high [PIN+] prion domains are cartooned as parallel in register β 
sheets (black bars) with non-β sheet loops in variant-specific positions. The Sup35 prion domain 
(gray) is preferentially cross seeded into parallel in register β sheets38 (gray bars) by different 
lengths of β sheet regions available in high and very high [PIN+]. In the left, Sup35 is shown to 
first bind to the [PIN+] aggregates (step 1). Only then does the [PIN+] amyloid region convert the 
Sup35 into amyloid (step 2). Due to the interference of its non-β sheet loop, very high [PIN+] 
preferentially seeds strong [PSI+], with a small β-sheet core which is vulnerable to sheering and 
the production of the smaller aggregates characteristic of strong [PSI+]. High [PIN+], which has a 
larger uninterrupted β-sheet region, preferentially seeds weak [PSI+] with a large β-sheet core. At 
4 °C, soluble Sup35 is shown forming a nucleus that interferes with the initial β sheet conversion 
even when seeded by high [PIN+]. This results in the formation of a smaller β sheet-core and the 
induction of strong [PSI+]. Evidence for the in vitro formation of such a Sup35 nucleus at 4 °C has 
been presented.35
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