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During propagation, yeast prions show a strict sequence preference that confers the specificity of prion
assembly. Although propagations of [PSI�] and [RNQ�] are independent of each other, the appearance of
[PSI�] is facilitated by the presence of [RNQ�]. To explain the [RNQ�] effect on the appearance of [PSI�],
the cross-seeding model was suggested, in which Rnq1 aggregates act as imperfect templates for Sup35
aggregation. If cross-seeding events take place in the cytoplasm of yeast cells, the collision frequency between
Rnq1 aggregates and Sup35 will affect the appearance of [PSI�]. In this study, to address whether cross-
seeding occurs in vivo, a new [PSI�] induction method was developed that exploits a protein fusion between
the prion domain of Sup35 (NM) and Rnq1. This fusion protein successfully joins preexisting Rnq1 aggregates,
which should result in the localization of NM around the Rnq1 aggregates and hence in an increased collision
frequency between NM and Rnq1 aggregates. The appearance of [PSI�] could be induced very efficiently, even
with a low expression level of the fusion protein. This study supports the occurrence of in vivo cross-seeding
between Sup35 and Rnq1 and provides a new tool that can be used to dissect the mechanism of the de novo
appearance of prions.

Prions were originally defined as proteinaceous infectious
particles responsible for transmissible spongiform encephalop-
athies in mammals (reviewed in reference 23). Since a non-
Mendelian genetic element, [URE3], was identified as a yeast
prion (37), however, this concept has been expanded to include
protein-based genetic elements. In addition to [URE3], there
are at least two more proteinaceous genetic elements in Sac-
charomyces cerevisiae, namely, [PSI�] and [RNQ�] (20, 22, 28).
[Het-s] was also identified as a prion in the filamentous fungus
Podospora anserina (2).

Despite the absence of any structural and functional homol-
ogies between various prion proteins from different organisms,
they share a common feature, i.e., prion proteins can adopt two
distinct conformational states. One of these, the aggregated
prion state, can stimulate the soluble, nonprion conformation
to convert into the prion form. Gaining intermolecular �-sheet
structures, purified yeast prion proteins aggregate and form
amyloid fibers in vitro (8, 12, 28, 32). Protein extract from yeast
cells in the prion state can facilitate the in vitro polymerization
of soluble prion protein from nonprion cells (21), and amyloid
fibers of purified yeast prion proteins can convert the cells into
the prion state when introduced into yeast cells, demonstrating
the protein-only hypothesis (15, 31). Thus, intracellular prion
aggregates are thought to have the same structural basis as
amyloid fibers formed in vitro.

Yeast prion biology has provided invaluable insights into the
prion concept at the molecular level. Because of its experimen-
tal convenience, [PSI�] has been investigated most intensively
among various yeast prions. [PSI�] results from the aggrega-

tion of Sup35 protein, which is essential for terminating the
translation at stop codons. When Sup35 is in the [PSI�] aggre-
gated state, ribosomes often fail to release polypeptides at stop
codons, causing a non-Mendelian trait which is easily detected
by nonsense suppression. ade1 or ade2 nonsense mutants are
used as marker genes to determine the [PSI�] state. These
mutants cannot grow on adenine-deficient medium and form
red colonies on medium supplemented with a limiting amount
of adenine, such as yeast extract-peptone-dextrose (YPD). ade
mutants in the [PSI�] state, however, can grow on adenine-
deficient medium and form white colonies, as they produce
functional Ade1 or Ade2 by virtue of a nonsense mutation
readthrough. To sustain propagation, all yeast prions need the
disaggregation activity of Hsp104, which can be inhibited by
guanidine hydrochloride (GuHCl) (9). Since yeast prions are
cured by growth on guanidine-containing medium, prion phe-
notypes can easily be distinguished from chromosomal sup-
pressor mutants.

Sup35 (eRF3) of S. cerevisiae has a prion-determining N-
terminal domain (N), a highly charged middle domain (M) that
confers solubility on the molecule, and an essential C-terminal
domain that binds guanine nucleotides and stimulates the
polypeptide release reaction catalyzed by Sup45 (eRF1) (17,
29, 33). The de novo appearance of [PSI�] can be induced by
overexpression of SUP35 or its prion domain-containing frag-
ments (NM) (6). [PSI�] induction, however, can be achieved
only in [RNQ�] cells that harbor the prion state of the Rnq1
protein (4, 19). Two hypotheses about how [RNQ�] can affect
the appearance of [PSI�] have been suggested. One is an
inhibitor titration model that postulates the molecules prevent-
ing the aggregation of Sup35 and the recruitment of these
inhibitors to Rnq1 aggregates in [RNQ�] cells. The other is a
cross-seeding model in which Rnq1 aggregates directly cata-
lyze the polymerization of Sup35. In vitro cross-seeding be-
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tween different amyloidogenic proteins was reported, and
Rnq1 amyloid fiber can also act as a seed for Sup35 polymer-
ization in vitro (7, 13). These in vitro data support the possi-
bility of cross-seeding between Rnq1 and Sup35. However,
because the milieu of cytoplasm is very different from that of a
test tube, whether this cross-seeding really occurs in vivo is still
obscure. For this study, we developed a new, robust [PSI�]
induction method that confirms the cross-seeding events in the
cytoplasmic environment.

MATERIALS AND METHODS

Yeast strains and growth methods. All strains used in this study are derivatives
of strain 74-D694 (ade1-14 trp1-289 his3�200 ura3-52 leu2-3,112 [psi�] [RNQ�]).
All [rnq�] strains were isolated by growth on YPD plus 3 mM GuHCl, and RNQ1
was deleted using the kanMX6 module. pRS304-TPSUP35-NM-RNQ1-GFP,
pRS304-TPSUP35-NM-RNQ1(1-234)-GFP, pRS304-TPSUP35-NM-RNQ1(1-261)-
GFP, pRS304-TPSUP35-NM-prnp-GFP, and pRS304-TPSUP35-NM-GFP were in-
tegrated at the nutritional marker locus trp1 after digestion with XbaI. In the case
of the NM-GFP strain, pRS306-TPSUP35-NM-GFP was additionally integrated at
the ura3 locus after StuI digestion. To replace the prion domain of chromosomal
SUP35 with URE2 PrD, two-step replacement using pRS306-PSUP35-URE2 PrD-
SUP35MC was exploited. The correct integrations of these plasmids were verified
by PCR. The integrants cultured in YPD medium (1% yeast extract, 2% peptone,
2% glucose) were harvested by a brief centrifugation and suspended in SC
medium for observation with a fluorescence microscope. All transformants were
cultured in selective SC media to exponential phase (optical density at 600 nm,
0.8 to 1.0) to assay the appearance of [PSI�] and to determine the level of
recombinant proteins. All selective SC media used in this study were supple-
mented with 0.54 mM adenine to prevent the overgrowth of Ade� cells. The
frequency of Ade� cells was determined by spotting or spreading cells onto SC
and SC�Ade plates in serial 10-fold dilutions. The average and standard devi-
ation of Ade� induction frequency were obtained for three independent trans-
formants for each strain. To determine the [PSI�] state of Ade� cells, colonies
on an SC�Ade plate were spotted onto a 5-fluoroorotic acid (5-FOA) plate to
select the cells that had lost the plasmid. 5-FOA-resistant cells were spotted
again onto YPD and YPD-plus-3 mM GuHCl plates for a color assay. To induce
the expression of recombinant genes from the CUP1 promoter, 50 �M CuSO4

was added to cultures at an optical density of 600 nm of 0.4, and cultures were
incubated for 4 h. The polyethylene glycol–lithium acetate–single-stranded DNA
method was used for the introduction of plasmids or PCR products into yeast
cells (11).

Plasmid construction. The sequences of oligonucleotide primers used for PCR
in this study are available upon request. The PCR products of the truncated
SUP35 promoter, full-length SUP35 promoter, and CUP1 promoter were cloned
into p414GAL1 or p416GAL1, using SacI and BamHI. From the resulting
plasmid, the truncated SUP35 promoter and the terminator of CYC1 were sub-
cloned into pRS304 and pRS306.

A 3�FLAG construct was inserted as a primer sequence, and NM-3�FLAG
was ligated as a BamHI-EcoRI fragment, followed by RNQ1 cloning using EcoRI
and XhoI. The endogenous EcoRI site of the RNQ1 gene was removed without
any change in the protein sequence. The NM-3�FLAG construct with a stop
codon and 3�FLAG-RNQ1 were cloned as BamHI-XhoI fragments.

Green fluorescent protein (GFP) was cloned using EcoRI and XhoI. The
EcoRI-EcoRI fragments of full-length RNQ1, RNQ1(1-234), RNQ1(1-261), and
mouse prnp were cloned into pRS304-TPSUP35-NM-GFP.

To make pRS306-PSUP35-URE2 PrD-SUP35MC, the SUP35 promoter (EcoRI-
BamHI), URE2 PrD (BamHI-SacII), and SUP35 MC (SacII-SacI) were cloned
into pRS306. Using this plasmid as a template, URE2 PrD-M-3xFLAG was PCR
amplified (with 3�FLAG in the primer sequence). All constructs derived from
PCR products in this study were verified by DNA sequencing.

Antibodies and Western blot analysis. The anti-FLAG antibody was pur-
chased from Sigma, and anti-NM and anti-Rnq1 antisera were prepared in our
laboratory. Total proteins of yeast were isolated by boiling in sodium dodecyl
sulfate sample buffer as previously reported (16). Cells were treated with 0.1 M
NaOH for 4 min and resuspended in sample buffer (60 mM Tris-HCl, pH 6.8, 2%
sodium dodecyl sulfate, 4% �-mercaptoethanol, 5% glycerol, and 0.01% bromo-
phenol blue), followed by boiling for 5 min. The resulting protein extracts were
quantified with a 2-D Quant kit (GE Healthcare), using bovine serum albumin to
prepare the standard curve. Thirty-five micrograms of lysate was loaded into
each well of a 10% polyacrylamide gel, and after electrophoresis, proteins were

transferred to an Immobilon-PSQ polyvinylidene difluoride membrane (Milli-
pore). Proteins were detected with anti-FLAG antibody or antiserum against
NM or Rnq1. The antibody-antigen interaction was revealed with ECL reagent
(Millipore), and the chemiluminescence signal was detected with an LAS-3000
instrument (Fujifilm).

Fluorescence microscopy. Fluorescence microscopy was carried out as de-
scribed before (30). Briefly, yeast cells grown to exponential phase were observed
microscopically in 96-well glass-bottomed microtiter plates (Whatman) pre-
treated with concanavalin A (Sigma) to ensure cell adhesion. Microscopy was
performed on a Zeiss Axiovert 200 M inverted microscope with a Plan-Neofluar
�100/1.30 oil objective. Images were recorded on a Zeiss Axiocam MRm instru-
ment with two-by-two binning.

RESULTS

NM fused to Rnq1 remarkably increases the appearance of
[PSI�]. It is well known that the de novo appearance of [PSI�]
can be induced by overexpression of SUP35 or its fragments
containing the prion domain (NM) in [RNQ�] cells (6). From
a cross-seeding viewpoint, this [PSI�] induction effect can be
explained by the increase in the frequency of collisions be-
tween the NM domain and Rnq1 aggregates. We conjectured
that if cross-seeding between Rnq1 and Sup35 is the cause of
[PSI�] generation, raising the intermolecular collision fre-
quency without increasing the amount of NM should be suffi-
cient to induce the appearance of [PSI�]. To separate the
effect of the intermolecular collision frequency from that of the
molecular amount, a protein fusion method was exploited. We
assumed that NM fused to Rnq1 may successfully join the
preexisting Rnq1 aggregates in [RNQ�] cells (Fig. 1A) and that
this will result in a high local concentration of NM around the
Rnq1 aggregates irrespective of the total intracellular NM con-
centration. If this happens, there should be much more fre-
quent intermolecular collision between NM and Rnq1 aggre-
gates than when they are expressed separately, and repeated
collisions will give rise to the appearance of [PSI�].

To verify this assumption, expression vectors including the
NM-RNQ1 fusion construct were designed with two variants of
the SUP35 promoter in ARS/CEN vectors to control the
steady-state level of recombinant proteins (Fig. 1B). The two
promoters used in this study differ only in length, and the
shorter one (hereafter referred to as a truncated promoter or
TPSUP35) does not comprise the putative Abf1 binding site. It
was reported that the truncated promoter shows a lower ex-
pression level than the full-length SUP35 promoter (3). The
expression levels of constructs were determined by Western
blot analysis with an anti-FLAG antibody (Fig. 1C). Since the
protein level of Rnq1 from the truncated SUP35 promoter was
lower than those of other constructs (data not shown), RNQ1
was expressed from the full-length SUP35 promoter to adjust
its expression level to the levels of NM-RNQ1 and NM ex-
pressed from the truncated SUP35 promoter (Fig. 1B and C).
All constructs were introduced into [RNQ�] cells, and trans-
formants grown to mid-exponential phase in selective medium
were 10-fold serially diluted and spotted onto a plate without
adenine (�Ade) (Fig. 1E). NM-RNQ1 transformants gener-
ated Ade� cells at a frequency of 3.0% � 1.0%, while NM
transformants gave rise to Ade� cells at a frequency of (6.2 �
0.9) � 10�5. To determine whether the Ade� cells were in the
[PSI�] state, cells that had lost the plasmid expressing NM-
RNQ1 were selected by growth on a 5-FOA plate. All of the
5-FOA-resistant cells formed white or light pink colonies on a
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YPD plate, and �90% of cells (98 of 106 randomly selected
Ade� cells) formed red colonies on a plate containing GuHCl
(data not shown). Moreover, when the prion domain (N do-
main) of chromosomal SUP35 was replaced with another Asn/

Gln-rich domain, NM-Rnq1 no longer produced Ade� cells,
confirming that its effect is mediated through the N domain of
Sup35 (see Fig. 5B, third row). From this result, we concluded
that NM induces the appearance of [PSI�] more efficiently

FIG. 1. [PSI�] induction by the protein fusion method, which exploits an increased collision frequency. (A) Schematic representation of [PSI�]
induction by the NM-Rnq1 fusion protein. (B) Constructs to test the protein fusion method. All constructs were cloned into ARS/CEN vectors.
(C) Expression levels of the recombinant proteins were determined by Western blot analyses using anti-FLAG antibody. Sup35 was used as a
loading control. (D) The protein level of NM-Rnq1 was compared to the level of the endogenous Rnq1 protein by Western blotting with anti-Rnq1
antiserum. (E) [RNQ�] cells were transformed with combinations of plasmids as indicated. Each transformant was grown in selective SC medium
to exponential phase and spotted onto SC and SC�Ade plates in serial 10-fold dilutions.
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when fused to Rnq1. It should be emphasized that de novo
[PSI�] generation could be induced at a high frequency even
with low-level expression of the recombinant protein. The ex-
pression level of NM-RNQ1 from the truncated SUP35 pro-
moter in the ARS/CEN vector was even lower than the level of
the endogenous Rnq1 protein (Fig. 1D), which is less than 1/10
of the endogenous Sup35 level (10). To test whether the NM-
Rnq1 fusion protein can form initial nuclei for the generation
of [PSI�] per se, a plasmid expressing NM-RNQ1 was intro-
duced into [RNQ�] and [rnq�] cells. The NM-Rnq1 fusion
protein induced the appearance of [PSI�] in [RNQ�] cells but
not in [rnq�] cells (Fig. 2A). The [rnq�] cells used in this study
were isolated from isogenic [RNQ�] cells by growth on a
GuHCl-containing plate. Because guanidine might affect other
cellular phenotypes in addition to [RNQ�], we also made an
RNQ1 deletion mutant to specifically cure the [RNQ�] pheno-
type. These �rnq1 cells did not give rise to the de novo ap-
pearance of [PSI�], like [rnq�] cells (Fig. 2A). This result
indicates that the preexisting Rnq1 aggregates and the NM-
Rnq1 fusion protein cooperate to form the [PSI�] nucleus.

Incorporation of the fusion protein into preexisting [RNQ�]
aggregates is required for [PSI�] induction. To investigate
whether the Rnq1 prion domain in the fusion construct can still
join preexisting Rnq1 aggregates, an NM-RNQ1-GFP inte-
grant of the [RNQ�] state was created. This integrant gave rise
to a mixed population consisting of red, white, and some sec-
tored colonies on a YPD plate, and cells from an isolated red
colony continuously turned into a mixed population when
transferred to a new plate (Fig. 2B). Cells from isolated white
colonies, however, always gave rise to white colonies unless
guanidine was added to the medium (data not shown). This

result means that most cells in red colonies are still [psi�],
whereas those in white colonies are [PSI�]. To separate the
effect of [RNQ�] from that of [PSI�] on NM-Rnq1-GFP ag-
gregation, all of the experiments using this strain were carried
out with freshly grown cells from red colonies (Fig. 2B). Iso-
genic [rnq�] cells were isolated by growth on a guanidine plate
and showed red colony growth on a YPD plate. The protein
level of NM-Rnq1-GFP, determined by Western blot analysis
with anti-NM antiserum, was not affected by the presence of
[RNQ�] (data not shown). The examination of NM-RNQ1-
GFP integrants of [RNQ�] and [rnq�] cells with a fluorescence
microscope showed clearly different distribution patterns of
the fusion protein between the two strains. In contrast to a
dispersed state in [rnq�] cells, NM-Rnq1-GFP formed aggre-
gates in [RNQ�] cells (Fig. 2C). Owing to chromosomal inte-
gration and expression from a constitutive promoter, all cells
showed even GFP signals, and cell-to-cell variation of the sig-
nal intensity was hardly detected. Although the frequency of
Ade� cell appearance was 1 to 10% (Fig. 2B; see Fig. 4C),
nearly all [RNQ�] cells contained visible aggregates (Fig. 2C).
This indicates that the observed aggregation of the NM-Rnq1-
GFP protein in [RNQ�] cells was due to the prion domain of
Rnq1 but not to NM, i.e., it was not the result of the appear-
ance of [PSI�]. To demonstrate that incorporation of the fu-
sion protein into the preexisting [RNQ�] aggregates is an im-
portant requisite for [PSI�] induction, we exploited Rnq1
deletion mutants which were reported to be unable to decorate
Rnq1 aggregates (36). We confirmed that these truncated
Rnq1s did not decorate the preexisting Rnq1 aggregates, using
the NM-Rnq1(1-234)-GFP and NM-Rnq1(1-261)-GFP inte-

FIG. 2. NM-Rnq1 induces the appearance of [PSI�] only in [RNQ�] cells. (A) A plasmid carrying NM-RNQ1 was introduced into cells with
different [RNQ�] states, and the [PSI�] inducibility of each transformant was determined using a spotting assay with 10-fold dilutions. (B) The
NM-RNQ1-GFP integrant with the [RNQ�] state was streaked onto YPD medium. Cells from an isolated red colony continuously turned into a
mixed population consisting of red, white, and some sectored colonies when transferred to a new YPD plate. (C) Fresh [RNQ�] cells from red
colonies expressing NM-RNQ1-GFP and their isogenic [rnq�] cells were observed with a fluorescence microscope. In contrast to a dispersed state
in [rnq�] cells, NM-Rnq1-GFP formed aggregates in [RNQ�] cells. DIC, differential interference contrast.
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grants (Fig. 3A). In contrast to the full-length Rnq1 fusion,
NM-Rnq1(1-234) and NM-Rnq1(1-261) did not facilitate the
appearance of [PSI�] compared to free NM (Fig. 3B) {the
[PSI�] induction frequencies of NM-Rnq1(1-234), NM-
Rnq1(1-261), and free NM were (7.9 � 1.9) � 10�6, (3.9 �
2.3) � 10�5, and (6.2 � 0.9) � 10�5, respectively}.

Heritable variants of the [RNQ�] prion were described pre-
viously (1). Since these [RNQ�] variants are distinguished by
the efficiency with which they enhance the de novo appearance
of [PSI�], we assumed that a direct interaction between NM-

Rnq1 and the preexisting Rnq1 aggregates would result in
different [PSI�] induction rates among these variants express-
ing NM-Rnq1. When the “low” and “high” variants of [RNQ�]
were transformed with the NM-Rnq1 expression vector, the
“low” variant generated [PSI�] at a significantly lower fre-
quency (0.67% � 0.57%) than that with the “high” variant
(9.6% � 5.3%) (Fig. 3D). Different [PSI�] induction frequen-
cies between different [RNQ�] variants support, at least in
part, a direct physical interaction between the NM domain and
Rnq1 aggregates.

FIG. 3. Incorporation of the fusion protein into preexisting [RNQ�] aggregates is required for [PSI�] induction. (A) Distribution patterns of
NM-Rnq1(1-234)-GFP and NM-Rnq1(1-261)-GFP proteins expressed from the truncated SUP35 promoter were observed using fluorescence
microscopy. (B) [PSI�] induction by truncated NM-Rnq1 fusion constructs. (C) Expression of NM-Rnq1(1-234) and NM-Rnq1(1-261) was
determined by Western blotting with anti-FLAG antibody. Hexokinase (Hxk) was used as a loading control. (D) Inducibility of [PSI�] by NM-Rnq1
in [RNQ�] variants was determined. Each transformant was grown in selective SC�Ura medium to exponential phase and spotted onto SC and
SC�Ade plates in serial 10-fold dilutions.
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NM fused to mouse prion does not enhance the appearance
of [PSI�]. Taken together, our data show that the NM-Rnq1
fusion protein can generate initial nuclei for [PSI�] by joining
preexisting Rnq1 aggregates. It was surprising that a relatively
small amount of the NM-Rnq1 protein efficiently generated a
[PSI�] phenotype. Although the total NM level was low, the
local concentration of NM around the Rnq1 aggregates may be
very high in cells expressing NM-Rnq1 (Fig. 2C). Therefore, it
is not certain whether crowding of NM in a restricted space is
sufficient to generate a [PSI�] phenotype, irrespective of the
cross-seeding activity of Rnq1 aggregates. To test whether a
high local concentration of NM, and hence frequent collisions
between NM molecules themselves, is sufficient to cause poly-
merization irrespective of proximity to Rnq1 aggregates, the
Rnq1 domain of NM-Rnq1 was replaced with another amyloido-
genic protein, mouse prion protein (PrP). Mouse PrP was
reported to form aggregates in the cytoplasm of yeast (18). The
inducibility of [PSI�] by diffused and localized NM was exam-
ined using NM-GFP and NM-PrP-GFP constructs cloned un-
der the control of the truncated SUP35 promoter and inte-
grated into a chromosome. Since the protein level of NM-GFP
was slightly lower than that of NM-PrP-GFP, one more copy of
the NM-GFP construct was integrated into a different locus of
the chromosome to adjust the concentration of the NM do-
main (Fig. 4A). In contrast to the NM-GFP protein, which
existed in a dispersed state throughout the cytoplasm, NM-

PrP-GFP formed faint aggregates, indicating that the aggrega-
tion was due to the PrP domain (Fig. 4B). The frequencies of
Ade� cell appearance for the NM-GFP and NM-PrP-GFP
strains were about 3.6 � 10�5 and 1 � 10�4, respectively.
Although the frequency of Ade� cell appearance for the NM-
PrP-GFP strain was slightly higher than that for the NM-GFP
strain, it was still much lower than the [PSI�] induction ratio of
the NM-Rnq1 strain (Fig. 4C). To check whether the fre-
quency of Ade� cell appearance depends on the extent of
aggregation of the NM fusion protein, a more intensive aggre-
gation of the NM-PrP-GFP protein was induced by using the
strong inducible CUP1 promoter. Although the cell-to-cell
variation of the GFP signal intensity was increased, NM-PrP-
GFP formed clearly visible aggregates (Fig. 4D). Aggregation
of the PrP domain was independent of the presence of
[RNQ�], as the NM-PrP-GFP protein aggregated in [rnq�]
cells as well as in [RNQ�] cells (Fig. 4D). When protein ex-
pression was induced for 4 h, the frequency of Ade� cell
appearance was significantly increased (compare Fig. 4C and
E). In spite of severe aggregation of overproduced NM-PrP-
GFP, indicating a high local concentration of NM, the fre-
quency of Ade� cell appearance for the NM-PrP-GFP-over-
producing cells was similar to that for cells overproducing
NM-GFP in the [RNQ�] background (Fig. 4E). Moreover,
overproduction of NM-PrP-GFP protein in [rnq�] cells did not
give rise to Ade� cells at all, despite the high local concentra-

FIG. 4. High local concentration of NM induced by aggregation of the NM-mouse PrP fusion construct does not enhance the appearance of
[PSI�]. (A) Protein levels of NM-Rnq1-GFP, NM-PrP-GFP, and NM-GFP expressed from a truncated SUP35 promoter were determined by
Western blotting with anti-NM antiserum. (B) Distribution patterns of NM-GFP and NM-PrP-GFP proteins expressed from the truncated SUP35
promoter were observed using fluorescence microscopy. (C) NM-RNQ1-GFP, NM-PrP-GFP, and NM-GFP integrants were spotted onto SC and
SC�Ade plates in serial 10-fold dilutions to determine the frequency of Ade� cells. (D) Distribution patterns of NM-GFP and NM-PrP-GFP
proteins overproduced from the CUP1 promoter by treatment with 50 �M CuSO4 for 4 h. (E) Spotting assay to compare the Ade� phenotype-
inducing activities of strains overproducing the NM-GFP and NM-PrP-GFP proteins used for panel D.
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tion of NM around the PrP aggregates, indicating the signifi-
cance of [RNQ�] in the appearance of [PSI�]. Taken together,
the results show that the high local concentration of NM alone
does not seem to be sufficient to cause polymerization, but the
Rnq1 aggregates in [RNQ�] cells seem to affect the conforma-
tional change of NM when these molecules collide with one
another, resulting in the appearance of [PSI�].

The protein fusion method can be exploited to induce poly-
merization of the Ure2 prion domain. To test whether the
protein fusion method is applicable to other prion-prion inter-
actions, we investigated [URE3] induction by [RNQ�] (1). To
measure the appearance of the prion state of the prion domain
of Ure2 (Ure2 PrD), the prion domain of chromosomal SUP35
(N) was replaced with Ure2 PrD (N-terminal 89 amino acids).
When the fusion proteins Ure2 PrD-M-Rnq1 and Ure2 PrD-M
(Fig. 5A) were expressed in an [RNQ�] strain, only Ure2
PrD-M-Rnq1 gave rise to Ade� cells, while neither construct
could form the nucleus for the polymerization of Ure2 PrD in
the [rnq�] strain (Fig. 5B). These data indicate that Rnq1
aggregates can convert the conformation of Ure2 PrD and that
this reaction is facilitated by localization of Ure2 PrD near the
Rnq1 aggregates. The acquired Ade� phenotype was stably

maintained after the removal of the plasmid and could be
cured by GuHCl, indicating that the phenotype manifests the
prion state (Fig. 5D). Moreover, white and pink variants could
be isolated, which is consistent with the case for previously
reported [URE3] variants (27). This experiment supports the
inducibility of [URE3] by [RNQ�] via cross-seeding and sug-
gests that the protein fusion method can generally be used to
generate prion states.

DISCUSSION

In vitro cross-seeding activity of Rnq1 aggregates on Sup35
was reported previously (7, 35). During the course of NM
amyloid formation in the test tube, preformed Rnq1 aggre-
gates shortened the lag phase in which initial polymerization of
NM takes place (7). This in vitro cross-seeding activity was
confirmed by an observation of the hybrid aggregates com-
posed of NM and Rnq1 by electron microscopy (35). Besides
yeast prion proteins, various amyloidogenic proteins, including
�-amyloid and 	-synuclein, which are responsible for Alzhei-
mer’s and Parkinson’s diseases, respectively, show cross-seed-
ing activity in vitro (13). Although cross-seeding between amy-

FIG. 5. Induction of the prion state of the Ure2 prion domain by the protein fusion method. (A) Schematic representation of fusion constructs.
(B) A strain in which the prion domain of chromosomal SUP35 is replaced with the Ure2 PrD was constructed. Ure2 PrD-M-Rnq1, Ure2 PrD-M,
and NM-Rnq1 were produced, and the appearance of Ade� cells was assayed by cell spotting. (C) Expression of recombinant proteins was
determined by Western blotting with anti-FLAG antibody. Hexokinase (Hxk) was used as a loading control. (D) Strong and weak prion variants
were isolated by using the protein fusion method.
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loidogenic proteins seems to be possible in the test tube,
whether it occurs in the cytoplasmic environment is not certain.
First of all, it is unclear whether in vitro amyloids adopt the
higher-order structure of in vivo fibers faithfully. Moreover,
because protein folding problems, including those of yeast
prions, are associated with molecular chaperones and many
other interacting partner proteins, intracellular events cannot
be deduced simply from experiments using purified molecules
(5, 34).

The colocalization of large aggregates formed by overpro-
duced Rnq1 and Sup35 in [psi�] [RNQ�] cells was previously
suggested as a manifestation of direct in vivo cross-seeding (7).
However, it is not clear whether the large aggregates are prop-
agating units or dead-end products (25). Moreover, microscopi-
cally observed colocalization does not necessarily represent a
physiological physical interaction (24). The colocalization of
Sup35 and Rnq1 aggregates might result from a sequestration
of these aggregates in the perivacuolar compartment (14). In
addition to the colocalization result, nonheritable Sup35 ag-
gregates that do not generate stable [PSI�] have been shown to
contain Rnq1 which does not separate even in the presence of
detergent, supporting the cross-seeding model (26).

In this study, we presented data supporting the hypothesis
that cross-seeding between Rnq1 and Sup35 occurs in vivo by
showing that the increased collision frequency between Rnq1
and Sup35 results in the enhanced de novo appearance of
[PSI�]. Even with a low level of expression, the NM-Rnq1
fusion protein constructed in this study dramatically increased
the appearance of [PSI�]. It was previously reported that tan-
dem repeats of the 27th immunoglobulin domain from human
cardiac titin aggregate without a detectable lag phase, although
the monomeric domain showed delayed polymerization in
vitro (38). The report suggested that a high local concentration
achieved by a tandem fusion can affect the polymerization of
aggregation-prone proteins. The high local concentration of
NM induced by the NM-PrP-GFP construct, however, did not
enhance the appearance of [PSI�] in this study (Fig. 4C and
E). This indicates that the frequency of collisions between NM
and Rnq1 aggregates, but not a high local concentration of
NM, is critical for the polymerization of NM. In addition to
this result, the different frequencies of [PSI�] induction by the
NM-Rnq1 fusion protein in different [RNQ�] strains (Fig. 3D)
also support a physical interaction between NM and Rnq1
aggregates.

In this study, we developed a new, highly efficient method for
[PSI�] induction that supports a cross-seeding activity of Rnq1
aggregates on Sup35. The convenience and high efficacy of the
protein fusion method might make it a versatile tool for un-
raveling the process of prion formation.
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