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Variation in pathology of human prion disease is believed to
be caused, in part, by distinct conformations of aggregated pro-
tein resulting in different prion strains. Several prions also exist
in yeast and maintain different self-propagating structures,
referred to as prion variants. Investigation of the yeast prion
[PSI�] has been instrumental in deciphering properties of prion
variants and modeling the physical basis of their formation.
Here, we describe the generation of specific variants of the
[RNQ�] prion in yeast transformedwith fibers formed in vitro in
different conditions. The fibers of the Rnq1p prion-forming
domain (PFD) that induce different variants in vivohave distinct
biochemical properties. The physical basis of propagation of
prion variants has been previously correlated to rates of aggre-
gation and disaggregation. With [RNQ�] prion variants, we
found that the prion variant does not correlate with the rate of
aggregation as anticipated but does correlate with stability.
Interestingly, we found that there are differences in the ability of
the [RNQ�] prion variants to faithfully propagate themselves
and to template the aggregationof other proteins. Incorporating
the mechanism of variant formation elucidated in this study
with that previously proposed for [PSI�] variants has provided a
framework to separate general characteristics of prion variant
properties from those specific to individual prion proteins.

Prion diseases are fatal neurodegenerative disorders that
affect many mammals. Prions are responsible for diseases such
as scrapie in sheep, bovine spongiformencephalopathy (BSE) in
cows and Creutzfeldt-Jakob disease in humans (1). These dis-
eases are linked to either mutations in the gene encoding the
prion protein (PRNP) or aggregation of the prion protein (PrP)
itself (2, 3). Self-propagating aggregates of PrP are implicated in
the infectious transmission of prion disease among mammals
(4).One interesting feature of prion diseases lies in the apparent
heterogeneity of clinical symptoms and disease pathology
(5–7). It has been hypothesized that this heterogeneity in
pathology is partly due to the existence of different prion strains
(8). The mechanism of prion strain generation is not entirely
understood, but is an important aspect of prion disease. Eluci-
dating mechanisms that dictate the generation of prion strains
is crucial to understanding the biology underlying prion dis-
eases, protein misfolding, and aggregation.

Naturally occurring prions that exist in fungi such as the
budding yeast Saccharomyces cerevisiaemay not be associated
with disease, but can act as a mechanism to alter phenotype.
Recent studies have uncovered several prion-like proteins in
yeast (9–13). The three extensively characterized prions in
yeast are the [PSI�], [RNQ�], and [URE3] prions (14–16). The
[PSI�] prion manifests as a result of the aggregation of Sup35p
(17, 18), which is the S. cerevisiae eukaryotic release factor 3
(eRF3) (19). In the [psi�] state, Sup35p binds Sup45p, and this
complex is required for translation termination at stop codons
(20). In the [PSI�] state, however, much of the Sup35p is in the
aggregated state and not available to function in translation
termination (17). A premature stop codon in a metabolic path-
way, such as that in the ade1-14 allele, provides a convenient
method of detecting the [PSI] state of yeast cells. Yeast grown
on nutrient-rich medium that harbor the ade1-14 allele are
white in color in the [PSI�] state, but red in color in the [psi�]
state due to the accumulation of ametabolic intermediate in the
adenine biosynthetic pathway (21). Yeast can maintain differ-
ent variants of the [PSI�] prion and these cause different levels
of read through of the ade1-14 premature stop codon that cor-
relate to the amount of aggregated Sup35p (22–24). This results
in different levels of pigment accumulation in cells and weaker
strains of [PSI�] manifest as shades of pink (24). This pheno-
type has proven very useful in investigating the mechanism of
prion variant generation.
The structure of different [PSI�] prion variants have been

revealed by biophysical and nuclear magnetic resonance
(NMR) studies on conformationally-distinct fibers of the prion-
forming domain (PFD)2 of Sup35p (Sup35NM) formed in vitro
at different temperatures (25–28). These studies suggest that
the protected amyloid core of the strong variant is short relative
to the amyloid core of the weak variant. A model designed to
explain the propagation of prion variants related structural and
biochemical properties of amyloid fibers to the prion variant
phenotype (29). This model suggests that the propagation of
prion variants can be explained by differences in the rate of fiber
growth and sensitivity to shearing. Because the addition of new
protein appears to occur on fiber ends (30, 31), it follows that
the most efficient propagation requires more free ends to tem-
plate the addition of new protein. Thus, more free ends may
relate to a faster rate of aggregation. The mechanism for prion
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variant generation has been proposed primarily based on work
conducted using Sup35NM and the [PSI�] prion.
Two other prions in yeast, [URE3] and [RNQ�], have also

been reported to display variant phenotypes (32, 33). The
[URE3] prion in S. cerevisiae is propagated by the Ure2 protein
(16). Recombinant Ure2p can form fibers in vitro and when
transformed into yeast can induce different variants of the
[URE3] prion (33). The [RNQ�] prion is caused by the aggrega-
tion of the Rnq1 protein (34). In the [rnq�] state, the Rnq1
protein has no known function. However, in the [RNQ�] state,
aggregated Rnq1p facilitates the induction of the [PSI�] prion
(35–37). [RNQ�] also exists as different variants (38) that
appear when recombinant Rnq1p fibers are transformed into
yeast (39). However, the generation of specific [RNQ�] variants
by altering the conditions of in vitro amyloid formation has not
been investigated. As such, the physical basis for the generation
of [URE3] and [RNQ�] variants has not been described and it
remains to be determined if the properties described for [PSI�]
variants can be generalized.
We have taken advantage of the [RNQ�] reporter protein

(RRP) previously described by our laboratory to phenotypically
assess the [RNQ�] prion status as well as [RNQ�] variants (40).
The RRPmolecule is a chimeric protein with the proposed PFD
of Rnq1p (amino acids 153–405) fused to the translation termi-
nation domain of Sup35p (the MC region, amino acids 124–
685) (41, 42). The RRP fusion presumably co-aggregates with
Rnq1p in the [RNQ�] state, which results in prion-dependent
nonsense suppression. As such, this provides a phenotypic
assay for the [RNQ] state. This assay allowed us to detect both
intragenic and extragenic effectors of [RNQ�] propagation (40,
43). We found that the level of nonsense suppression afforded
byRRP changeswith [RNQ�] prion variants, and this enables us
to distinguish variants by phenotype.
In this study, we created and characterized variants of the

[RNQ�] prion by controlling conditions of fiber formation and
transforming the fibers into yeast strains with Rnq1p in the
non-prion state, [rnq�]. We show that the proposed PFD of
Rnq1p forms amyloid fibers with distinct characteristics when
generated in different conditions. Additionally, infection of
these fibers into yeast induces different [RNQ�] prion variants
in vivo. Each [RNQ�] variant maintains and propagates a
unique set of characteristics in vivo and in vitro. Finally, our
data suggest the existence of both similarities and differences
between the mechanisms that dictate [RNQ�] and [PSI�] vari-
ant propagation.

EXPERIMENTAL PROCEDURES

Protein Purification—The pHis10-Rnq1PD (amino acids
132–405) construct (39) was transformed into Escherichia coli
BL21(DE3) cells. Resultant transformantswere scraped to inoc-
ulate large cultures in CircleGrow medium, and the cells were
grown to an A600 �0.6. The expression of Rnq1PFD was
inducedwith 1mM isopropyl-1-thio-�-D-galactopyranoside for
6 h. The cells were harvested and incubated with agitation at
room temperature for 1 h in 20 mM Tris-HCl, 8 M urea (Buffer
A, pH 8). The cells were then further lysed by sonication. The
lysate was cleared by spinning at 10,000 � g for 30 min. The
supernatant was incubated with Ni2�-Sepharose beads for 2 h.

Subsequently, the beads were packed in a column and washed
with 25 column volumes (CV) Buffer A, pH 8. The beads were
then washed successively with four CV each of Buffer A, pH 6.3
and Buffer A, pH 5.9, before eluting with Buffer A, pH 4.5.
Rnq1p in the eluted fractions was verified for purity by SDS-
PAGE and Coomassie staining. The fractions containing the
protein were filtered through a 100-kD molecular mass cut off
column (Amicon) and stored in methanol at �80 °C.
Amyloid Fiber Formation—Kinetic assays of fiber formation

were done in a SpectraMaxM2e fluorimetermicroplate reader.
Rnq1PFD fiberswere diluted 75-fold from7Mguanidine hydro-
chloride to a concentration of 4�M inFFBbuffer (150mMNaCl,
5 mM KPO4, 2 M urea, pH 7.4) with 50-fold molar excess Thio-
flavin-T to initiate fiber formation in the presence of glass beads
for agitation. The change in Thioflavin-T fluorescence over
time was measured using an excitation wavelength of 450 nm
and emission wavelength of 481 nm. The plate was agitated
eachminute prior to reading for 10 s. Fiberswere also formed in
a rotator (end-over-end) at a monomer concentration of 4 �M

for thermostability assays and to obtain seeds for seeding exper-
iments. For the seeded experiments, the fibers were seeded
using 5% (w/w) seed.
Thermostability Assay—Pre-formed fibers were treated with

2% SDS for 5min at different temperatures (gradient from55 to
95 °C, with 5–7 °C increments). The treated samples were ana-
lyzed by SDS-PAGE and Western blot using an anti-Rnq1p
antibody. The bandswere quantified using ImageJ software and
values were normalized to the 95 °C band. Results were plotted
using Origin 6.1 statistical software.
Electron Microscopy—Samples of fibrillar Rnq1PFD were

allowed to settle onto freshly glow-discharged 200 mesh car-
bon-formvar coated copper grids for 10 min. Grids were then
rinsed twicewithwater and stainedwith 1%uranyl acetate (Ted
Pella) for 1min. Samples were viewed on a JEOL 1200EX trans-
mission electron microscope (JEOL USA).
Protein Transformation—Transformation of Rnq1PFD fi-

bers into a [rnq�] 74-D694 (ade1-14, ura3-52, leu2-3,112, trp1-
289, his3-200, sup35::RRP) yeast strain was conducted as
described (44). The resulting colonies were replica plated onto
rich medium (YPD) plates to assay for colony color. Colonies
that appeared to have acquired the prion state by nonsense
suppression were picked and spotted on YPD, YPD containing
3 mM GdnHCl and SD-ade for phenotypic analyses.
Mitotic Stability of [RNQ�]—Three independent protein

transformants for each of the [RNQ�] prion variants were
grown in liquid YPD medium overnight (�16 h) to an A600 of
�2.0. The cultures were diluted 8,000-fold in water and 250 �l
were plated on 13-cm (diameter) YPD plates. Approximately
750 colonies for each transformant and a total of �2,000 colo-
nies were counted for each variant. The average and standard
deviation is reported for each variant. The percentage of cells
that lost the prion was calculated by dividing the number of red
cells by the total number of cells. The loss of the [RNQ�] prion
was confirmed by Rnq1p solubility assays for 10 representative
colonies of each variant.
[PSI�] Induction Assay—Yeast strains containing the

[RNQ�] prion were transformed with pEMBL-SUP2 (41) and
plated on SD-ura. Transformants were grown in selective
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medium to an A600 of �1.6 and plated on YPD. After 5 days of
growth, [PSI�] cells were counted as any cell with a light pink
sector. Representative colonies were checked for curing by
transient growth on medium containing 3 mM GdnHCl.
[RNQ�] Solubility Assay—The protocol was adapted from

previously published work (34). The yeast cells were lysed in
buffer containing 100 mM Tris-HCl, pH 7, 200 mM NaCl, 1 mM

EDTA, 5% glycerol, 0.5% dithiothreitol, 50mMN-ethylmaleim-
ide (NEM), 3 mM phenylmethanesulfonyl fluoride, and EDTA-
free complete Mini protease inhibitor mixture (Roche). Lysis
was performedby vortexingwith glass beads. Following lysis, an
equal volume of radioimmune precipitation assay buffer (50
mM Tris-HCl, pH 7, 200 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, and 0.1% SDS) was added to the lysate,
and cell debris was cleared by centrifugation at 3,300 � g for
15 s. A portion of this cleared lysate was saved for the total
protein sample. Aggregated protein was pelleted by centrifuga-
tion at 80,000 rpm in a BeckmanTLA-100 rotor for 30min. The
supernatant containing the soluble protein was removed, and
the pellet was resuspended in a 1:1 mix of lysis buffer and RIPA
buffer. The total, supernatant, and pellet fractions were sub-
jected to SDS-PAGE, transferred to polyvinylidene difluoride
membrane, and probed with an anti-Rnq1p antibody.

RESULTS

Temperature Has a Profound Effect on the Kinetics of Rnq1PFD
Fiber Formation—Wepurified recombinantRnq1PFD in 8Murea
as described under “Experimental Procedures.” The purified
Rnq1PFD protein formed amyloid fibers when diluted out of
denaturant. The length of the lag phase of fiber formation is
a parameter that can be used to measure the ability of the
protein to aggregate and is one determinant for prion variant
formation; a longer lag phase indicates a reduced ability to
aggregate. In order to create [RNQ�] prion variants, we used
different temperatures to generate structural variation in the
fibers of Rnq1PFD.We followed fiber formation of Rnq1PFD
at 25 and 37 °C using a Thioflavin-T fluorescence assay. At
25 °C, Rnq1PFD fibers had a lag phase of �470 min followed
by a logarithmic growth phase (Fig. 1A). In contrast, fiber
formation of Rnq1PFD at 37 °C had a shorter lag phase of
�300 min.
The ability of seeds to enhance the conversion ofmonomeric

protein into fibers is an important feature of nucleated confor-
mational conversion for amyloid fiber formation (45). We
formed Rnq1PFD fibers at 25 and 37 °C and tested the ability of
the fibers to act as seeds and template the addition of freshly
diluted monomeric Rnq1PFD. Interestingly, even though
Rnq1PFD fiber formation occurs with a shorter lag phase at
37 °C, the seeds obtained from fibers formed at 25 °Cweremore
efficient at templating new fiber formation at both 25 and 37 °C
(Fig. 1,B andC). Seeds obtained from fibers formed at 37 °C also
enhanced fiber formation reactions but were less efficient at
seeding Rnq1PFD monomer at either temperature (Fig. 1, B
and C).
Rnq1PFD Fibers Formed at Different Temperatures Induce

Distinct Distributions of Prion Variants—Prion proteins in
yeast can maintain different variants of the prion state that are
a consequence of different self-propagating structures (46).

The variants differ from each other based on their phenotype,
the ratio of soluble to aggregated protein, and their ability to
maintain and propagate the prion (23, 24, 38). Previous work
has extensively characterized variants of the [PSI�] prion gen-
erated in vitro (25–27, 29, 47, 48). Variants of the [RNQ�] prion
have also been characterized in vivo and display different abil-
ities to induce the [PSI�] prion (38, 49).However, these variants
arose spontaneously and were originally referred to as [PIN�]
strains for [PSI�] inducibility (37, 50). Additionally, some vari-
ants of [PIN�] were acquired when fibers of Rnq1PFD were
transformed into [rnq�] yeast, but thesewere not characterized
(39). Characterization of [RNQ�] variants has been limited

FIGURE 1. Fiber formation of Rnq1p is faster at higher temperatures and
enhanced by the addition of preformed seeds. Purified Rnq1PFD was
diluted from denaturant (75-fold) to 4 �M, and fiber formation was followed
using Th-T fluorescence. Graphs are plotted as % RFU versus time. A, Rnq1PFD
unseeded at 25 °C (black squares) and 37 °C (gray circles). B, Rnq1PFD fiber
formation at 25 °C unseeded (black squares), with 5% seeds formed at 25 °C
(gray circles), and with 5% seeds formed at 37 °C (open triangles). C, Rnq1PFD
fiber formation at 37 °C unseeded (black squares), with 5% seeds formed at
25 °C (gray circles) and with 5% seeds formed at 37 °C (open triangles). Graphs
are representative of at least three independent trials.
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since the only methods to assay the [RNQ�]/[PIN�] status of
yeast cells involved either [PSI�] induction or Rnq1p solubility
assays. In our laboratory, we have been able to circumvent some
of these tedious procedures by taking advantage of the previ-
ously described RRP ([RNQ�] Reporter Protein), which enables
the use of a colony color assay to determine the presence of
different prion variants of [RNQ�].We found that RRPnot only
reported on the presence of the [RNQ�] prion, but also showed
changes in phenotype depending on the [RNQ�]/[PIN�] vari-
ant ((40) and Fig. 2A). High [PIN�] and [pin�] are readily dis-
cernible from low [PIN�] and medium [PIN�] when RRP-ex-
pressing strains are grown on nutrient-rich medium. Low
[PIN�] and medium [PIN�] strains are phenotypically similar
to each other in this assay.
To create [RNQ�] variants for characterization, we first

asked whether amyloid fibers of Rnq1PFD formed at different
temperatures corresponded to the generation of different prion

variants, as previously observed
with Sup35NM and [PSI�] (48, 51).
We transformed [rnq�] 74-D694
cells expressing both wild-type
RNQ1 and the RRP chimeric pro-
tein with amyloid fibers of recombi-
nant Rnq1PFD formed at 18, 25, and
37 °C. Transformants were picked,
diluted, and spotted on plates to
assess phenotype. We scored the
transformants that turned white,
light pink, or dark pink as strong,
medium, or weak [RNQ�] variants,
respectively (Fig. 2B and Table 1).
We also correlated the colony color
phenotype of the variants to their
growth on medium lacking adenine
(SD-ade). Transformants were also
grown on medium containing gua-
nidine hydrochloride (GdnHCl),
which inactivates Hsp104 (52) and
cures all variants of the [RNQ�]
prion. [RNQ�] variants were veri-
fied for curability on medium con-
taining GdnHCl using color as an
indicator of change in nonsense
suppression. [RNQ�] RRP strains
converted from either white or pink
to red, and the cured strains

remained red upon removal frommedium containingGdnHCl.
Rnq1PFD fibers formed at 18 °C only induced strong and
medium variants of [RNQ�] when transformed into [rnq�]
cells (Table 1). Fibers formed at 25 °C induced weak, medium,
and strong [RNQ�] variants when transformed into [rnq�]
cells. In contrast, cells infected with fibers formed at 37 °C
yielded primarily medium and weak [RNQ�] variants and very
few strong [RNQ�] variants. These data suggest that the tem-
perature at which fibers were formed in vitro influenced the
distribution of [RNQ�] variants propagated in cells. Specifi-
cally, increasing the temperature decreased the fraction of
strong [RNQ�] variants and increased the weak variants of
[RNQ�].
Rnq1PFD Fibers Formed at Different Temperatures Are Dif-

ferentially Stable—In the case of Sup35NM and the [PSI�]
prion, weaker variants have a longer amyloid core and stronger
variants have a shorter amyloid core (25, 26). The length of the
core positively correlateswith the stability of the amyloid fibers.
Additionally, the more stable amyloid fibers with a longer core
propagate weaker prion variants while less stable fibers with a
shorter core propagate stronger prion variants.
We next asked if the stability of the amyloid fibers correlated

to the [RNQ�] variants induced in a manner similar to the
observations with [PSI�] and Sup35NM. Therefore, we used
thermostability to determine the relative stability of Rnq1PFD
fibers formed at different temperatures.We formed fibers at 18,
25, and 37 °C and subjected them to increasing temperatures in
2% SDS. We then analyzed the soluble protein by SDS-PAGE
and Western blot. We found that fibers formed at 18 °C were

FIGURE 2. RRP differentiates [RNQ�]/[PIN�] variants. A, yeast strains expressing the RRP reporter display
different levels of nonsense suppression in [PIN�] variants. B, transformation of Rnq1PFD amyloid fibers into
[rnq�] yeast induces variants of the [RNQ�] prion. The [RNQ�] phenotype was assayed using the RRP reporter
to show color on YPD, growth on SD-ade, and curability by growth on medium containing GdnHCl. Colony
color on YPD is indicative of different levels of suppression of the ade1-14 premature stop codon to produce
Ade1p. [RNQ�] prion variants co-aggregate with RRP and cause different phenotypes (color on YPD). The
strength of the variants is also reflected by their ability to grow on SD-ade medium.

TABLE 1
Distribution of �RNQ�� prion variants
Yeast colonies that resulted from infection of Rnq1PFD fibers formed at 18, 25, and
37 �C were grouped into weak, medium, and strong �RNQ�� strains based on RRP-
mediated colony color (on YPD) and growth on medium lacking adenine (SD-ade).
The numbers in the table reflect the percentage of variants obtained by infectivity
assays after counting over 300 transformed colonies from more than three experi-
ments for each temperature at which fibers were formed.

Distribution of �RNQ�� variants
Weak Medium Strong

18 °C 0 25 75
25 °C 15 46 39
37 °C 29 68 3
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labile and showed �50% disruption at 65 °C (Fig. 3). Fibers
formed at 25 °C were slightly more stable and showed �50%
dissociation at 75 °C. Rnq1PFD fibers formed at 37 °C were the
most stable and required 85 °C to dissociate. Thus, stronger
amyloid fibers yield weaker prion variants, and this trend reca-
pitulates the data observed previously for Sup35NM.
TEM Reveals Dramatic Morphological Differences in

Rnq1PFD Fibers—The observed dramatic differences in kinet-
ics and stability of amyloid fibers of Rnq1PFD formed at differ-
ent temperatures and their ability to induce different variants of
[RNQ�] led us to hypothesize that the morphology of the
Rnq1PFD fibers formed at these temperatures may be distinct.
To determine if there are gross morphological differences
between the Rnq1PFD fibers formed at 18, 25, and 37 °C we
obtained TEM images of these amyloid fibers. In fact, we did
observe significant differences in the morphology of the fibers
formed at the different temperatures. We noted that the
Rnq1PFD fibers formed at 18 °C were short and curly (Fig. 4A)
compared with the long fibers formed at 25 °C (Fig. 4B). Lastly,
the fibers formed at 37 °C were also long and appeared to be
more heavily bundled with one another as compared with the
fibers formed at 25 °C (Fig. 4C). These results indicate that tem-
perature has a profound impact on the properties of the amy-
loid fibers formed by Rnq1PFD.
[RNQ�] prion variants have distinct protein aggregation and

propagation properties in vivo. Variants of the [PSI�] prion

have differential abilities to faithfully propagate the prion
throughmitosis (24).We utilized the RRPmarker to determine
the relative mitotic stability of the [RNQ�] prion variants. We
grew the three different variants in liquid medium overnight
and plated them on rich medium to assess [RNQ�] stability by
color. The colonies that did not maintain the prion through
mitotic division turned red and were counted and plotted as a
fraction of the total number of colonies (Fig. 5A). The strong
[RNQ�] prion variant propagated the prion with nearly 100%
fidelity and rarely lost the prion phenotype. In comparison, the
medium [RNQ�] variant lost the prion in �19% of the progeny
and theweak [RNQ�] variant lost the prion in almost 40%of the
progeny. The loss of the [RNQ�] prionwas verified by conduct-
ing Rnq1p solubility assay on a subset of candidate [rnq�] cells
for each variant. Thus, the stability of prion propagation is cor-
related to the strength of the prion variant and is similar towhat
has been observed with the [PSI�] prion.
Even though there are differences in mitotic stability, all pri-

ons should be transmitted in a non-Mendelian fashion via mat-
ing and meiosis (53). To verify that the cells infected with in
vitro formed fibers of Rnq1PFD truly harbor self-propagating
prion elements, we tested the transmission of the prion. We
mated the transformed cells harboring different variants of the
[RNQ�] prion to [psi�] [rnq�] cells. The diploids that we
obtained were [psi�] [RNQ�] and red in color because wild-
type Sup35p does not aggregatewithRRP and allows for faithful
termination of translation (data not shown).We sporulated the
diploids to determine if the [RNQ�] prion variants were faith-
fully inherited in meiotic progeny as expected for the prion
state. We then performed Rnq1p solubility assays on at least
three complete tetrads from each strain. We noted that in each
case, the [RNQ�] prion was inherited in a non-Mendelian fash-
ion with all four progeny being [RNQ�] (data not shown).

Prion variants of both [PSI�] and [RNQ�] have also been
shown to display differences in the ratio of soluble to aggre-
gated protein (23, 38). In order to determine whether the dif-
ferent [RNQ�] variants that we had classified based on pheno-
type had corresponding biochemical differences, we performed
Rnq1p solubility assays on the variants (Fig. 5B). In cells con-
taining the weak [RNQ�] variants, most of the protein was in
the soluble fraction and a small amount of Rnq1p was in the
pellet fraction. In themedium [RNQ�] variants, a small portion

FIGURE 3. Rnq1PFD fibers formed at higher temperatures are more sta-
ble. Preformed fibers were treated across a temperature gradient in the pres-
ence of 2% SDS. Following SDS-PAGE and Western blot, the amount of solu-
ble Rnq1PFD was quantified, and the results were graphed as a percentage of
total protein at 95 °C using OriginPro 6.1 with a sigmoidal fit function.

FIGURE 4. The morphology of amyloid fibers formed from Rnq1PFD at different temperatures is distinct. Amyloid fibers of Rnq1PFD formed in vitro were
imaged by TEM. The scale bar represents 200 nm. A, 18 °C fibers are short and curly; B, 25 °C fibers are long and curvy; and C, 37 °C fibers are long and bundled.
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of the protein was soluble, while most was found in the aggre-
gated pellet fraction. However, in the strong [RNQ�] variant,
almost all of Rnq1p was aggregated and very little protein was
found in the soluble fraction. Interestingly, this variant-dependent
change in solubility was reproducible in fresh transformants but
was not as apparent in new meiotic progeny (data not shown).
However, the [RNQ�] solubility assay has not always provided a
robust measure of differences in prion variants (38, 40).
Variants of [RNQ�] Induce [PSI�] with Different Efficiencies—

The only phenotype associated with the [RNQ�] prion state is
its ability to induce the [PSI�] prion by acting as [PIN�]. While
other protein aggregates can act as [PIN�], to date only [RNQ�]
has been found commonly in lab and wild strains (34, 54, 55)
and as such, is likely the most common, naturally occurring
[PIN�] element. Because we observed that [RNQ�] induced by
protein transformation resulted in distinct variants based on
nonsense suppression, we next wanted to test the ability of the
variants to act as [PIN�] and induce [PSI�] (24, 37). Red [psi�]
[RNQ�] cells that were propagating different variants of the
[RNQ�] prion were obtained by mating and sporulation as
described in the previous section. The progeny that expressed
wild-type SUP35 and did not have the RRP reporter were trans-
formedwith a plasmid expressing a second copy of SUP35 from
its own promoter to induce [PSI�]. Transformants were grown
in selective medium overnight to allow for Sup35p overexpres-
sion and then plated onYPD.The efficiency of [PSI�] induction
was determined by counting the number of colonies with light
pink sectors and dividing that by the total number of colonies.
In the [rnq�] controls, we did not observe any induction of the
[PSI�] prion when SUP35 was overexpressed in the cell, while
in [RNQ�] cells we obtained efficient induction of [PSI�] (Fig.
6). As expected, the strong [RNQ�] variants showed a high level

of induction of [PSI�], with�60%of the colonies sectoring (Fig.
6). Themedium [RNQ�] variants had lower induction of [PSI�]
when compared with strong [RNQ�]. Surprisingly, the weak
[RNQ�] variants demonstrated high levels of [PSI�] induction
(Fig. 6) that were comparable to the strong variants of [RNQ�].
Interestingly, the induction of [PSI�] we observed with our
strong and weak [RNQ�] variants were reminiscent of the pre-
viously characterized high and very high [PIN�] variants,
respectively, that were previously published (38) and recon-
firmed (data not shown).

DISCUSSION

The mechanism underlying the generation of prion variants
was extensively investigated for only one yeast prion protein
previously. Both the physical and structural basis for variant
formation of the [PSI�] prion from Sup35NM has been eluci-
dated (25, 26, 29). Here, we created and characterized different
variants of the [RNQ�] prion. We assayed for prion variants in
vivo using the chimeric protein RRP (40) that displayed distinct
nonsense suppression phenotypes. We used changes in tem-
perature as a means to generate different amyloid structures
and correlated those to prion variant formation in vitro and in
vivo. Rnq1PFD fibers formed at 18, 25, and 37 °C have distinct
biochemical andmorphological properties. Interestingly, fibers
formed at 37 °C have a shorter lag phase when compared with
the 25 °C fibers. As expected, the stability of the fibers increased
with the temperature at which the fibers were formed, which
was also reflected by the morphology of the fibers observed by
TEM.We speculate that the fibers formed at 18 °C are the least
stable because they are short. Fibers formed at 37 °C appear to
be the most stable and this may be due, in part, to the interac-
tions between fibers. The more stable 37 °C fibers also show
reduced seeding capacity as compared with fibers formed at
25 °C.The ability of 37 °CRnq1PFD fibers to seednew reactions
was not enhanced by increased shearing, however (data not
shown). Finally, fibers formed at 18, 25, or 37 °C were trans-
formed into [rnq�] yeast cells and each resulted in distinct dis-
tributions of [RNQ�] prion variants.

The correlation we observed between the length of the lag
phase and the resulting [RNQ�] prion variants, however, was

FIGURE 5. Variants of the [RNQ�] prion show distinct propagation and
aggregation properties in vivo. A, mitotic stability of the [RNQ�] prion was
dependent on the strength of the variant. The weak [RNQ�] variant lost the
prion in �40% of the colonies (black bar), while medium [RNQ�] lost the prion
in �19% of the colonies (white bar), and strong [RNQ�] lost the prion in �1%
of the colonies (gray bar). Three independent experiments were performed
for each variant to yield the resulting means and standard deviations. B, full-
length endogenous Rnq1p in lysates from different [RNQ�] variants was frac-
tionated by high speed centrifugation into total (T), supernatant (S), and pel-
let (P) fractions. The amount of protein in the supernatant fraction decreased
as the strength of the variant increased. A representative blot from four inde-
pendent experiments is shown.

FIGURE 6. The [PSI�] induction capacity of the [RNQ�] variants is distinct.
The overexpression of Sup35p in the control [RNQ�] strain induced [PSI�] in
�62% of the colonies. [PSI�] was not induced in [rnq�] cells. Overexpression
of Sup35p in weak [RNQ�] variants induced [PSI�] in �72% of the colonies,
medium [RNQ�] variants induced [PSI�] in �25% of the colonies, and strong
[RNQ�] variants induced [PSI�] in �65% of the colonies.
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not in accordance with previously observed properties of
Sup35NM fibers and [PSI�] variants. In the case of Sup35NM,
fibers formed at 25 °C have a longer lag phase when compared
with 4 °C fibers (56). When Sup35NM fibers are transformed
into cells, strong [PSI�] variants are generated from fibers with
a short lag phase and weak [PSI�] variants result from fibers
that formed with a longer lag phase. In stark contrast, although
Rnq1PFD fibers formed faster at 37 °C, they induced weaker
[RNQ�] variants. Rnq1PFD fibers formed slower at 25 °C and
induced strong [RNQ�] variants. We would like to note that
unlike Sup35NM, Rnq1PFD was unable to form discernable
amyloid fibers at 4 °C (data not shown).
The correlation between the stability of Rnq1PFD amyloid

fibers and the resulting prion variant distribution is similar to
what was observed with Sup35NM and the [PSI�] prion (48).
We observed that an increase in the stability of the Rnq1PFD
fibers correlated to an increase in weak [RNQ�] variants and a
decrease in strong [RNQ�] variants. From this, we suggest that
the stability of the fibers is a critical property in determining the
previously proposed parameters that dictate prion variants.
Since the rate of aggregation does not always correlate to the
generation of specific prion variants, we suggest that this in
vitro property cannot be generalized to determine the physical
basis of variants in vivo. As the addition of newprotein occurs at
fiber ends (30), it follows that the most efficient propagation
requires more free ends for templating. Faster aggregation, but
slower disaggregation, would be unlikely to create strong vari-
ants, as is the case with Rnq1PFD fibers formed at 37 °C. How-
ever, fast “disaggregation” or shearing could compensate for
some reduction in the rate of aggregation, as is the case with
Rnq1PFD fibers formed at 25 °C.
Wewere also able to determine the differences in themitotic

stability of the different [RNQ�] variants using the convenient
RRP marker. The ability to maintain the [RNQ�] prion state
was intimately linked to the strength of the prion, with strong
[RNQ�] being more stable thanmedium [RNQ�], andmedium
[RNQ�] being more stable than weak [RNQ�]. The stability of
the different variants could be related to the ratio of aggregated
to soluble protein, the size of the aggregates, and the ability of
Hsp104p and other chaperones to generate seeds that can be
passed on to daughter cells.
We further characterized the [RNQ�] variants by assaying

their ability to act as [PIN�] and induce [PSI�]. Surprisingly,
both weak [RNQ�] and strong [RNQ�] induced [PSI�] at high
efficiencies (�60%) when compared with the medium [RNQ�]
variant. Interestingly, the weak [RNQ�] variant was denoted as
weak based on solubility of Rnq1p and low levels of nonsense
suppression using RRP, but it maintained the greatest capacity
to induce [PSI�]. We compared our variant to the previously
described variants of the [RNQ�] prion that were obtained
spontaneously (38). They were classified based on their ability
to induce [PSI�] into low, medium, high, and very high [PIN�]
variants. The extent of aggregation of Rnq1p correlated to an
increase in [PSI�] induction efficiency with the low, medium,
and high variants. However, the very high [PIN�] variant did
not fit the trend as it showed the largest amount of soluble
Rnq1p, but had the greatest capacity to induce [PSI�]. There-
fore, we propose that the weak [RNQ�] variants we obtained by

protein transformation are most similar to the previously
obtained very high [PIN�] variant (38). Because the RRP phe-
notype likely reflects co-aggregation with wild-type Rnq1p in
the [RNQ�] state and the induction of [PSI�] likely reflects
some transient physical interaction with Sup35p (40, 57), we
suggest that very high [PIN�]/weak [RNQ�] forms a structure
that affords less efficient self-templating but more efficient
interaction with Sup35p than other variants. While the
medium and strong [RNQ�] variants correspond to medium
and high [PIN�], we note one important caveat in the interpre-
tation of the differences in the ability to induce [PSI�]. The
reduced [PSI�] induction we observed withmedium [RNQ�] is
probably due in part to the decreased mitotic stability of
medium [RNQ�] when compared with high [RNQ�]. This is
not likely to explain the differences entirely, however, as differ-
ent structures of Rnq1p in [RNQ�] are likely to interact differ-
ently with Sup35p to induce [PSI�].
Here, we have defined conditions for the aggregation of

Rnq1PFD in vitro that result in the induction and propagation
of specific [RNQ�] variants in vivo. These data are consistent
with a direct relationship between the biochemical properties
of amyloid fibers and prion variants. The information gleaned
from the generation of [RNQ�] prion variants suggests that
there may be some general properties dictating prion strain
propagation, while others are unique to individual prion pro-
teins. Using the [RNQ�] variants and the ability to investigate
their in vitro properties, we may be able to delineate the mech-
anisms involved in the self-seeding of Rnq1p to maintain vari-
ants of [RNQ�] from those involved in cross-seeding Sup35p to
induce [PSI�]. Hence, this provides a tractable system to inves-
tigate mechanisms that impact protein aggregation and the
onset of protein conformational disorders.
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