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Introduction

A prion is known as a “protein only” genetic element,1 capable 
of transmitting its self-propagating conformation to an other-
wise non-infectious, non-amyloidogenic protein in an infectious 
manner.2 The mammalian prion protein, PrP, is known to cause 
numerous infectious diseases including scrapie (sheep), bovine 
spongiform encephalopathy (BSE, cow), chronic wasting (deer 
and elk), kuru and Creutzfeld-Jacob disease (humans). Prions also 
exist in Saccharomyces cerevisiae as non-Mendelian inheritable ele-
ments. [PSI+] is one such yeast prion that has been well character-
ized by genetic and biochemical studies. [PSI+] is the prion form of 
Sup35, which is also known as the polypeptide release factor eRF3 
and is essential for terminating protein synthesis at stop codons3,4 
(reviewed in ref. 5). When Sup35 is in the [PSI+] state, ribosomes 
often read through stop codons due to impaired release factor func-
tion, causing a non-Mendelian trait easily detected by nonsense sup-
pression.6-8 The molecular mechanisms of both maintenance and 
transmission of [PSI+] are fascinating subjects in prion biology.

[PIN+] is the prion form of Rnq1 in Saccharomyces cerevisiae and is necessary for the de novo induction of a second prion, 
[PSI+]. The function of Rnq1, however, is little understood. The limited availability of defective rnq1 alleles impedes the 
study of its structure-function relationship by genetic analysis. In this study, we isolated rnq1 mutants that are defective in 
the stable maintenance of the [PIN+] prion. Since there is no rnq1 phenotype available that is applicable to a direct selection 
or screening for loss-of-function rnq1 mutants, we took advantage of a prion inhibitory agent, Rnq1Δ100, to develop a col-
or-based genetic screen. Rnq1Δ100 eliminates the [PSI+] prion in the [PIN+] state but not in the [pin-] state. This allows us 
to find loss-of-[PIN+] rnq1 mutants as white [PSI+] colonies. Nine rnq1 mutants with single-amino-acid substitutions were 
defined. These mutations impaired the stable maintenance of [PIN+] and, as a consequence, were also partially defective 
in the de novo induction of [PSI+]. Interestingly, eight of the nine alleles were mapped to the N-terminal region of Rnq1, 
which is known as the non-prion domain preceding the asparagine and glutamine rich prion domain of Rnq1. Notably, 
overexpression of these rnq1 mutant proteins restored [PIN+] prion activity, suggesting that each of the rnq1 mutants was 
not completely inactive. These findings indicate that the N-terminal non-prion domain of Rnq1 harbors a potent activity 
to regulate the maintenance of the [PIN+] prion.

Localization of prion-destabilizing mutations  
in the N-terminal non-prion domain of Rnq1  

in Saccharomyces cerevisiae
Shoichiro Shibata,† Hiroshi Kurahashi† and Yoshikazu Nakamura*

Department of Basic Medical Sciences; Institute of Medical Science; University of Tokyo; Minato-ku, Tokyo Japan

†These authors contributed equally to this work.

Key words: Rnq1, [PIN+], Sup35, [PSI+], yeast prion

Abbreviations: S. cerevisiae, Saccharomyces cerevisiae; Q/N rich, asparagine and glutamine rich; SC, synthetic complete;  
5-FOA, 5-fluoroorotic acid; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; SDD-AGE, semi-denaturing detergent-agarose 

gel electrophoresis

There are some reports that the maintenance or de novo 
appearance of one prion is affected by heterologous prion vari-
ants.9,10 The prion [PIN+], named for its [PSI+] inducing proper-
ties,11-13 is required for efficient [PSI+] appearance,14 but not for 
[PSI+] propagation.15 [PIN+] is the prion form of Rnq1, a pro-
tein of unknown function. Rnq1 is one of several known yeast 
proteins containing an asparagine (N) and glutamine (Q) rich 
prion domain, hence named so for rich in N and Q.13 Two mod-
els, “seeding” and “titration,” have been proposed to explain how 
heterologous prions (e.g., [PIN+]) facilitate the de novo appear-
ance of [PSI+]. According to the seeding model, a heterologous 
pre-existing protein in the prion conformation templates the 
conversion of Sup35 into its prion form, which then proceeds to 
seed its own rapid and separate aggregation. Supporting data for 
the model was reported in vivo16 and in vitro.17 The alternative 
titration model postulates that pre-existing heterologous prions 
or prion-like aggregates capture and inactivate an inhibitor that 
prevents conversion of Sup35 into a prion.11,12 As of yet, neither 
model has been proved or disproved.
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polymers of Rnq1, a [PIN+] prion signature, detectable by SDD-
AGE (Fig. 1E). In white colonies, Rnq1 exists as a monomer. 
Approximately 40,000 mutant clones were screened and 150 
mutants were isolated. The resulting Rnq1-aggregation defective 
mutants were characterized by DNA sequencing. Of 150 mutant 
clones examined (including those carrying multiple mutations, 
frameshift or nonsense mutations in rnq1), nine distinct sin-
gle-amino-acid substitutions were finally defined to impair (or 
weaken) Rnq1Δ100-mediated [PSI+] elimination.

Sequence and protein stability analysis of rnq1 mutants. 
There seemed to be phenotypic diversity in the defined rnq1 
mutants, as some mutants gave rise to mostly white colonies 
while others gave rise to a mixture of white and red colonies, 
upon substitution of wild-type RNQ1 with rnq1 alleles by plas-
mid shuffling in the NS42 strain (Fig. 2A). We included a rnq1 
mutant having a L94A amino acid change in the mutant library 
since it has been reported that the L94A protein is defective 
in binding to a member of the Hsp40 chaperone family, Sis1, 
and its overexpression is toxic in [PIN+] cells.26 The quantita-
tive analysis of loss-of-[PIN+] frequency by rnq1 alleles will be 
described shortly.

Protein levels of mutant Rnq1s in these transformant cells were 
examined by western blotting. Since expression of rnq1 alleles 
after plasmid shuffling essentially produced a mixture of white 
and red colonies, we first classified the [PIN+] or [pin-] status of 
individual colonies by monitoring Rnq1 aggregation with a Rnq1 
and green fluorescent protein (Rnq1-GFP) fusion protein. [PIN+] 
and [pin-] colonies were determined by the presence or absence of 
Rnq1-GFP foci, respectively, and were then individually exam-
ined for Rnq1 levels after segregation of a Rnq1-GFP-reporter 
plasmid by western blotting. It is known that Rnq1 protein is rel-
atively unstable in [pin-] cells.20 To avoid degradation of mutant 
Rnq1 proteins during manipulation, harvested yeast cells were 
directly boiled with SDS-sample buffer to prepare Rnq1 proteins 
for SDS-PAGE. The abundance of mutant Rnq1 proteins in these 
transformants was either unaffected (V23A, V53A, L91P, L94A, 
L123P, F146S and N397D) or reduced partially (S12P, S15P 
and E43K) relative to wild-type (Fig. 2B). Three immunoblot-
ting experiments using independent cell cultures confirmed the 
reproducibility. Similar propensity appeared in [pin-] cells (data 
not shown). Therefore, we assume that, for the seven unaffected 
mutants, the loss of [PSI+] elimination ability of Rnq1Δ100 was 
mainly caused by the loss of protein activity, but not stability, of 
Rnq1; in addition, for the other three mutants, it might be also 
caused by the instability of Rnq1 mutant protein.

DNA sequence analysis revealed that eight out of the nine 
selected rnq1 mutations, as well as the L94A mutation, are mapped 
within the N-terminal non-Q/N rich (i.e., non-prion) domain, 
mostly localized to the α-helix sub-domains (Fig. 3). It is intrigu-
ing that the truncated N-terminal non-prion domain of Rnq1, 
Rnq1Δ100, inhibits the maintenance of [PSI+] when rnq1Δ100 
was overexpressed, while multiple single mutations in the same 
domain hampers the maintenance of [PIN+], suggesting that the 
N-terminal non-prion domain is not completely dispensable and 
is rather important for proper functioning of [PIN+] as well as 
proper, direct or indirect, interaction with a second prion, [PSI+].

To date, it is widely accepted that Rnq1 plays a positive role 
in facilitating the conversion of other prions in [PIN+] cells.11,12 
Previously, the minimum domains of Rnq1 and their roles in 
[PIN+] prion maintenance have been determined by deletion 
analyses.13,18,19 However, these deletion analyses do not define the 
specific residues required for the maintenance of [PIN+] or the 
ability of [PIN+] to promote [PSI+] induction. Thus, the molecu-
lar roles of Rnq1, including its structure-function relationship to 
prion inducing activity, remain largely unknown. This is in part 
due to the limited availability of defective rnq1 alleles. Although 
some rnq1 derivatives are known, an extensive or systematic iso-
lation of loss-of-function alleles in rnq1 has not been reported. 
The biological activity of Rnq1 to facilitate the de novo appear-
ance of [PSI+] in [PIN+] cells is not easily, or directly, applicable 
to a genetic selection for loss-of-[PIN+] mutations in rnq1. To 
conduct an unbiased comprehensive search for rnq1 alleles that 
disable [PIN+] activity, we took advantage of a prion inhibitor, 
Rnq1Δ100.19,20 Rnq1Δ100 lacks the N-terminal non-Q/N rich 
domain and eliminates [PSI+] when overproduced in the [PIN+] 
state but not in the [pin-] state, allowing us to find loss-of-[PIN+] 
rnq1 mutations as [PSI+] colonies. Using this genetic system, we 
isolated nine rnq1 mutants with single amino acid substitutions. 
Interestingly, eight of these are localized to the N-terminal non-
prion domain of Rnq1.

Results

Isolation of rnq1 mutants defective in the maintenance of 
[PIN+]. Overexpression of Rnq1Δ100 is inhibitory to the main-
tenance of [PSI+] in the [PIN+] state, not in the [pin-] state, caus-
ing a white-to-red color change of [PSI+] ade1-14 (nonsense) 
colonies.19 Therefore, any rnq1 mutation that impaired [PIN+] 
would still yield a white colony in the presence of overexpressed 
Rnq1Δ100. We took advantage of this color-based assay to 
select for rnq1 mutants. The rationale of mutant selection, sum-
marized below, is illustrated in Figure 1A. The parental strain 
NS42 was [PSI+] [PIN+] ade1-14, its chromosomal RNQ1 gene 
was deleted by rnq1::KanMX and Rnq1 was instead expressed 
from pRS416RNQ1p-RNQ1 (URA3 marker) using the authen-
tic promoter of RNQ1. Strain NS42 was transformed with a 
PCR-mutated rnq1 plasmid (pRS415RNQ1p-rnq1: see Materials 
and Methods, marked with LEU2), and Ura+ Leu+ transfor-
mants were first selected in SC-ura-leu medium. Then, Ura- (i.e., 
pRS416RNQ1p-RNQ1 segregant) Leu+ (i.e., pRS415RNQ1p-
rnq1 transformant) colonies were grown in SC+ura-leu 
medium. These plasmid-shuffled cells were transformed with 
pRS413ADHp-rnq1Δ100 (marked with HIS3)20 and grown on 
SC-leu-his+5-FOA plates. Leu+ His+ 5-FOA resistant colonies 
were replica-plated onto YPD plates for color assay.

In control experiments, colonies turned red in the presence 
of wild type Rnq1, and remained white in the absence of Rnq1 
(Fig. 1B and C), showing that Rnq1Δ100 eliminates [PSI+] in 
the [PIN+] state, not in the [pin-] state, as expected. Under these 
conditions, there appeared a significant number of white colonies 
amongst a majority of red colonies (Fig. 1D). Here, we confirmed 
that white colonies were truly [pin-] by monitoring SDS-stable 
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colonies were transformed with plasmid pCUP1p-SUP35NM, a 
pRS413 (HIS3)-based plasmid overexpressing Sup35’s NM prion 
domain from the CUP1 promoter.19 Transformants were grown 
on SC-his-leu medium plates supplemented with 5-FOA and 
50 μM CuSO

4
 for 3 days (about 72 hr), subsequently streaked 

on SC+ade and SC-ade plates, and then grown for 7 days. As 
shown in Figure 4B, colonies appeared on SC-ade plates in the 
[PIN+] state but not in the [pin-] state, such that rnq1 mutants 
were able to produce Ade+ colonies due to their prion status. The 
frequency of Pin+ colonies estimated by this means is shown in 
Figure 4C. The quantitative analysis of [PIN+] colonies based on 
these two different assays is more or less consistent, and clearly 
demonstrates that the selected rnq1 alleles are defective in the 
stable maintenance of [PIN+], although they may retain some 
residual capacity.

Transmission of [PIN+] from rnq1 mutants to wild-type 
Rnq1. To confirm [PIN+] prion maintained with the rnq1 
mutants (S12P, V23A and L94A), we examined transmission of 
[PIN+] from plasmid-shuffled rnq1 mutants to wild-type Rnq1 
strain by mating. The rnq1 shuffled mutants, in which mutant 
Rnq1s were expressed from either the weak RNQ1 promoter or 
the strong ADH promoter (see below), were mated with [psi-] 

Impaired [PIN+] phenotype of rnq1 mutants. We assumed 
that the defined rnq1 mutants and the L94A mutant might not 
be complete loss-of-function mutants but rather retain a residual 
activity because substitution of rnq1 alleles for RNQ1 in NS42 
strain generated a mixture of white ([pin-]) and red ([PIN+]) colo-
nies at different ratios (as shown in Fig. 2A). The frequency of 
prion curing was examined quantitatively by measuring [PIN+] 
or [pin-] status of plasmid-shuffled NS43 colonies. Two different 
methods were used to monitor prion status. First, Rnq1 aggre-
gates were monitored with a Rnq1-GFP probe, and second, the 
Pin+ phenotype, the de novo induction of [PSI+] upon overexpres-
sion of Sup35 NM polypeptide was examined. First, when Rnq1-
GFP was expressed from the CUP1 promoter in the presence of 
CuSO

4
, Rnq1-GFP formed punctate foci in [PIN+] cells, while it 

showed mostly cytoplasmic, dispersed fluorescence in [pin-] cells, 
as expected (Fig. 4A). Under these conditions, three sets of 20 
randomly chosen rnq1 colonies were examined for Rnq1-GFP 
fluorescence (as shown in Fig. 4A); the [PIN+] or [pin-] status was 
scored and summarized in Figure 4C. SDD-AGE analysis also 
reinforced the results (data not shown). Secondly, the Pin+ phe-
notype was examined using the same sets of 12 randomly chosen 
rnq1 colonies for their ability to induce [PSI+]. Accordingly, these 

Figure 1. Procedures to screen for mutant alleles. (A) Schematic of the screen for rnq1 mutants. A wild-type RNQ1 plasmid in strain NS42 ([PSI+] 
[PIN+] rnq1::KanMX) was replaced with mutant rnq1 plasmids by plasmid shuffling. These colonies were white, representing the [PSI+] state, and 
were further transformed with a Rnq1Δ100 plasmid that is able to eliminate [PSI+] prion when cells are [PIN+]. These doubly transformed cells were 
examined for colony color by replica plating on YPD. (B) [PIN+] control. Cells shuffled with wild-type RNQ1 turned red upon expression of Rnq1Δ100. 
(C) [pin-] control. Cells shuffled with an empty plasmid no longer synthesized Rnq1, became [pin-], and remained white as these were resistant to 
Rnq1Δ100’s action. (D) Loss-of-function rnq1 colonies appeared upon mutagenesis. Cells shuffled with mutagenized rnq1 generated white colonies 
among the majority of red colonies upon expression of Rnq1Δ100. (E) Representative tests for the [PIN+] or [pin-] status of red and white colonies by 
SDD-AGE. Left, a red colony with a SDS-stable polymer ([PIN+]). Right, a white colony without a SDS-stable polymer ([pin-]).
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[pin-] wild-type RNQ1 cells (NPK175 or NPK569), 
and plasmids carrying the rnq1 alleles were segre-
gated from these diploids. The [PIN+] status of the 
resulting diploids that express only wild-type Rnq1 
was analyzed by the Rnq1-GFP fluorescence assay 
and the [PSI+]-inducibility (Pin+) test. As shown in 
Table 1, [PIN+] phenotype was transmitted from 
S12P, V23A and L94A mutants with both RNQ1 
and ADH promoters to wild-type Rnq1 although 
the transmission frequency is seemingly lower in 
the rnq1 mutants expressed from the RNQ1 pro-
moter than that from the ADH promoter. In these 
experiments, the imperfect transmission frequency 
was due to prion loss during growth and, unex-
pectedly, the transmission frequency to wild-type 
Rnq1 is seemingly greater than the frequency of 
[PIN+] maintenance (as shown in Fig. 4C). We 
assume that mating with wild-type Rnq1 might 
prevent prion loss during a long incubation time. 
Importantly, [PIN+] phenotype was transmitted in 
all or some cells, indicating that the rnq1 alleles 
maintained a [PIN+] prion.

Interaction of Sis1 with mutant Rnq1 proteins. 
Sis1, an essential Hsp40 chaperone, is required for 
the propagation of the [PIN+] prion state, probably 
through catalyzing generation of [PIN+] seeds.27 
Sis1 not only promotes [PIN+] prion formation, 
but remains stably bound to the prion in a 1:1 
complex.28 We examined whether mutant Rnq1 
proteins are unable to interact with Sis1 by immu-
noprecipitation in [PIN+] cells since it is known 
that Sis1 does not bind to Rnq1 when cells are 
[pin-].27 Derivatives of NS43 ([psi-] [PIN+]) strain 
in which RNQ1 was replaced by rnq1 alleles after 
plasmid shuffling were transformed with a Rnq1-
GFP-expression plasmid, and colonies that formed 
punctate foci were assigned as [PIN+]. The result-
ing [PIN+] cells were used to prepare lysates after 
segregation of the Rnq1-GFP-expression plasmid. 
The [PIN+] state of these cells was confirmed by 
SDD-AGE analysis (data not shown). Proteins that 
were immunoprecipitated by anti-Sis1 antibody or 
anti-Rnq1 antibody were analyzed by immuno-
blotting with anti-Rnq1 or anti-Sis1 antibodies, 
respectively. As shown in Figure 5A, Sis1 remained 
bound to most mutant Rnq1 proteins, with the 
exception of S12P. Three immunoblotting experi-
ments using independent cell cultures reproduced 
the weak recovery of Rnq1-S12P protein by immu-
noprecipitation. We assume that the S12P mutant 
protein lost or weakened the ability to interact 
with the antibody, not with Sis1. Nevertheless, 
it could not be excluded at present that the S12P 
mutant protein might be degraded during growth 
or manipulation as suggested by the immunoblot-
ting experiment (Fig. 2B). Under these conditions, 

Figure 2. Rnq1 mutants defective in stable propagation of [PIN+]. The defined rnq1 
mutants contain the indicated single amino acid substitutions. (A) The appearance of 
white colonies upon substitution of rnq1 alleles for wild-type RNQ1 in NS42 strain after 
plasmid shuffling. NS42 ([PSI+] [PIN+] rnq1::KanMX) cells containing plasmid pRS415 
(empty vector, vec.) or its derivatives carrying wild-type (WT) or mutant rnq1 alleles 
were transformed with pRS413ADHp-rnq1Δ100, and the double transformants were 
plated on YPD. The frequency of red-to-white colony conversion varied depending on 
the individual mutations. Enlargements are also shown. (B) Protein levels of mutant 
Rnq1s in [PIN+] cells. The [PIN+] or [pin-] status of colonies of strain NS43 ([psi-] [PIN+]) 
carrying pRS415RNQ1p derivatives expressing wild-type or mutant Rnq1s was assigned 
by fluorescence microscopy using a Rnq1-GFP reporter plasmid, pRS413CUP1p-RNQ1-
GFP. After segregation of plasmid pRS413CUP1p-RNQ1-GFP, [PIN+] cells from each 
rnq1 mutant were lysed by boiling in SDS sample buffer and analyzed by western blot-
ting using anti-Rnq1 (upper) and anti-Pgk1 (lower, loading control) antibodies.
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The compensatory effect of mutant Rnq1 overexpression on 
[PIN+] propagation was then investigated via the same proce-
dures as described above (see Fig. 4). NS43 ([psi-] [PIN+]) cells 
were transformed with pRS413ADHp-rnq1 (mutant) plasmids 
and three sets of 20 or 12 randomly chosen transformant colonies 
were examined for the formation of Rnq1-GFP fluorescent foci or 
the de novo induction of [PSI+] upon overexpression of Sup35 NM 
polypeptide, respectively. The data are summarized in Figure 6B. 
The impaired activity of rnq1 mutants in stable maintenance of 
[PIN+] was mostly compensated for by overexpression of mutant 
Rnq1 proteins (although the suppression level of L123P remained 
partial). Therefore, all the defined rnq1 mutants are markedly, 
but not completely, defective in [PIN+] propagation. It is rather 
surprising that no single mutant resulting in complete loss-of-
function was obtained through this screen given that the genetic 
screen itself worked properly.

Discussion

We used a [PIN+]-dependent [PSI+] inhibitor, Rnq1Δ100, as a 
proxy for the [PIN+] status of the cell to identify rnq1 mutants 
with defects in [PIN+] propagation. Based on the colony color 
assay, we identified nine rnq1 alleles that are defective in stable 
[PIN+] propagation. All these rnq1 mutants showed remarkable 
reductions in Rnq1 aggregate formation (as monitored with an 
Rnq1-GFP fluorescent probe) and in de novo [PSI+] prion induc-
tion (by Sup35 NM overexpression). Furthermore, we found 
that Rnq1-L94A was also defective in stable [PIN+] propagation. 
Interestingly, nine of these rnq1 mutations are mapped within 
the N-terminal, so-called non-prion domain of Rnq1, and only 
one allele, N397D, is mapped at the C-terminus (see Fig. 3). 

Rnq1 did not interact with Sis1 in [pin-] (Fig. 5B) as reported 
previously.

A classical, hydrophobic chaperone-binding motif, 
LGKLALL,29 has been proposed to be the Sis1-binding site in 
Rnq1 at positions 91–97.26 Two relevant substitutions, L91P and 
L94A, less efficiently bound to Sis1 in [PIN+] cells (Fig. 5A), 
roughly consistent with a previous report.26 The binding effi-
ciency will be discussed shortly. L94A, as well as wild-type Rnq1 
protein, did not interact with Sis1 in [pin-] (Fig. 5B).

Suppression of impaired [PIN+] phenotype by hyper-
expression of mutant Rnq1 proteins. As mentioned above, 
rnq1 mutants had residual activity to propagate [PIN+] when 
expressed from pRS415RNQ1p-rnq1 plasmids using the authen-
tic promoter of RNQ1. This, in turn, suggests that the observed 
impairment of rnq1 could be compensated for by overexpression 
of mutant Rnq1s. To test this possibility, rnq1 alleles were cloned 
into pRS413ADHp carrying the strong ADH promoter. These 
pRS413ADHp plasmids carrying wild-type and mutant rnq1 
alleles were transformed into the NS43 (rnq1::KanMX ) strain, 
and the protein abundance of each mutant Rnq1 was examined 
by western blotting (Fig. 6A). As expected, Rnq1 levels were sev-
eral fold higher when driven by the ADH promoter (Fig. 6A, 
lane 3) as opposed to the RNQ1 promoter (Fig. 6A and compare 
lane 3 with lane 2). It is also noteworthy that expression levels 
of Rnq1 from plasmid pRS415RNQ1p-RNQ1 were similar to 
those expressed from the chromosome in the wild-type strain 
(Fig. 6A and compare lane 2 with lane 1). Under these condi-
tions, the abundance of the mutant Rnq1 proteins expressed from 
the ADH promoter was equivalent to that of the wild-type Rnq1 
synthesized with plasmid pRS413ADHp-RNQ1 (Fig. 6A, lanes 
4 through 14).

Figure 3. Defective rnq1 mutations are localized to the N-terminal non-prion forming domain of Rnq1. (A) Secondary protein structure prediction 
of Rnq1 generated from the PSIPRED Protein Structure Prediction Server [http://bioinf.cs.ucl.ac.uk/psipred].35 Circular cylinders, an arrow and bold 
lines indicate α-helices, β-sheet and coils, respectively. Numbers represent the amino acid positions from the first Met codon. Positions of amino 
acid substitutions are shown. (B) Schematic diagram of non-Q/N rich and Q/N rich regions in the Rnq1 protein. The frequency of Q/N residues was 
calculated from every ten amino acid interval. Q/N-rich sub-regions are indicated in roman numerals.19 Note that amino acid positions are shown in 
the same scale in (A and B) for comparison.
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This was surprising since the C-terminus (amino acids 153–405) 
of Rnq1 was shown to be sufficient for joining or forming a prion 
aggregate.13 It is widely accepted that the prion forming ability 
of prion proteins resides within the Q/N-rich regions.13,30-32 The 
C-terminus of Rnq1 is Q/N rich, composed of several Q/N tracts 
separated by hydrophobic regions (see Fig. 3).

This discrepancy could be explained by assuming that while 
the C-terminus of Rnq1 is sufficient for forming a prion aggre-
gate, the N-terminus of Rnq1 plays a regulatory role in [PIN+] 
propagation. Consistent with this prediction, deletions within 
the N-terminus of Rnq1 cause [PIN+] to be transmitted inef-
ficiently,18,20 and expression of Rnq1Δ100, which lacks the 
N-terminal 100 amino acids, inhibits propagation of [PSI+] 
in a [PIN+] background.19 Moreover, the N-terminus of Rnq1 
is known to be responsible for binding to the chaperone Sis1,26 
which is essential for [PIN+] propagation.26,27,33 During the 
course of writing this manuscript, we became aware of a very 
recent article that warrants mention. Bardill and True34 have 
tried to isolate mutants in Rnq1 that are unable to propagate 
the [PIN+] prion using a chimeric reporter, called RRP, that is 
composed of the C-terminus prion-forming domain of Rnq1 
(amino acids 153–405) and the M and C domains of Sup35 
(amino acids 124–685). Using this reporter, they defined five 
specific mutations in the C-terminus of Rnq1 (F184S, S223P, 
Q239R, N297S and Q298R) that decreased the ability of [PIN+] 
to induce [PSI+]. However, these mutants do not appear to sig-
nificantly affect [PIN+] propagation within the context of the 
full-length form of Rnq1. They speculated that one possible 
reason for this discrepancy is the addition of the N-terminus. 
Considering this speculation, our present findings are consistent 
with theirs, and it is rather surprising that the results shown by 
two separate approaches indicate, albeit unexpectedly, the impor-
tance of the N-terminus non-prion domain for the propagation 
of [PIN+] prion.

The nine rnq1 mutants isolated in our screen and L94A exhibit 
interesting features. First, most of them are mapped within the 
predicted α-helical regions of the N-terminus of Rnq1. Although 
the function of these α-helixes is not known, it is reasonable to 
speculate that these are involved in modulating proper function 
of the C-terminal prion domain by intra- or inter-molecular 
interactions. The C-terminus of Rnq1 is Q/N rich, and therefore 
readily makes protein-protein interactions, leading to self-aggre-
gation of Rnq1 in the absence of the N-terminal non-Q/N rich 
domain.19 Second, despite extensive screening for loss-of-func-
tion rnq1 alleles, all the defined rnq1 mutants are not completely 
null and possess residual activities to some extent. In fact, the 
observed defects in [PIN+] propagation could be compensated 
for by overexpression of the mutant Rnq1 proteins. Therefore, 
it seems likely that the propagation of the [PIN+] prion is dif-
ficult to disrupt by single amino acid substitutions. This, in 
turn, suggests that Rnq1’s ability to promote prion seeding with 
homologous (Rnq1) or heterologous (Sup35) proteins could not 
be attributed to a specific unique residue but to several residues or 
regions within Rnq1. Probably the mode of protein-protein inter-
action for prion seeding requires multiple interactions between 
[PIN+] prion seeds and the recipient proteins.

Figure 4. Quantitative analysis of defects of rnq1 mutants in [PIN+] 
propagation. (A) Fluorescence microscopy was performed to de-
termine the [PIN+] or [pin-] status of each colony using a Rnq1-GFP 
reporter. Upon substitution of mutant Rnq1s for the wild-type Rnq1 
by plasmid shuffling in strain NS43 ([psi-] [PIN+]), three sets of 20 
independent colonies were randomly chosen and again transformed 
with pRS413CUP1p-Rnq1-GFP to visualize the [PIN+] or [pin-] state 
with Rnq1-GFP fusion protein. Rnq1-GFP expression under the control 
of the CUP1 promoter was induced by 50 μM CuSO4 for 3 days on SC 
plates. Panels show five randomly chosen fluorescent images of each 
Rnq1 sample. Samples: vec., an empty plasmid; WT, wild-type Rnq1; 
S12P and N397D, mutant Rnq1s. (B) Pin+ activity monitored by de novo 
appearance of [PSI+] colonies. Three sets of 12 independent plasmid-
shuffled colonies were transformed with plasmid pRS413CUP1p-SUP-
35NM, and upon overexpression of the Sup35NM domain, these cells 
were grown on SC+ade (control) and SC-ade plates for seven days. (C) 
The frequency of appearance of Rnq1-GFP foci (open boxes) and de 
novo induction of [PSI+] (gray boxes) is expressed as the mean of three 
independent experiments with standard deviations.
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interaction with Sis1, leading to unstable [PIN+] propagation. 
The Sis1-binding site remains to be investigated rigorously.

In sum, these ten rnq1 alleles specifically impair [PIN+] propa-
gation. Additionally, these findings clearly suggest an importance 
for the N-terminal non-prion domain of Rnq1 to regulate [PIN+] 
propagation. These rnq1 mutants will prove useful for elucidat-
ing intra- and inter-molecular interactions required for the [PIN+] 
propagation and heterologous prion induction.

Materials and Methods

Strains and manipulations. S. cerevisiae strains used in this 
study are: NS42 ([PSI+] [PIN+] MATa ade1-14 leu2-3, 112 ura3-
52 his3Δ200 trp1-289 rnq1::KanMX [pRS416RNQ1p-RNQ1 

It is generally believed that [PIN+] is required for efficient 
[PSI+] appearance,14 but not for [PSI+] propagation.15 However, 
the existence of Rnq1Δ100, which inhibits the maintenance of 
[PSI+], might suggest a possible involvement of Rnq1 prion in the 
maintenance of heterologous prion [PSI+],19 and that Rnq1Δ100 
is defective in catalyzing the maintenance of [PSI+]. Assuming 
this possibility, we could speculate that the given rnq1 mutants 
were isolated primarily as those that regained the function to cat-
alyze the maintenance of [PSI+], not as loss-of-[PIN+] mutants. 
Given this scenario, perhaps, the putative [PSI+]-maintaining 
activity might be located in soluble N-terminal region of Rnq1, 
and Rnq1Δ100 lost this activity and hindered the activity of the 
full-length Rnq1 by forming the Rnq1Δ100·Rnq1 tight aggre-
gates in [PIN+] cells. Therefore, one might speculate that the rnq1 
mutants recovered allow for suppression based on the ability of 
soluble N-terminal domain to perform some function. Perhaps, 
the mutations change the folding such that the N-terminus is 
available for that function. Alternatively, a small soluble pool of 
Rnq1 created by these mutations may be enough. Since this is 
one of many explanations, further experiments are required to 
uncover the mechanism.

By in vitro peptide array analysis, the Sis1-binding site in 
Rnq1 was determined to be amino acids 91–97, LGKLALL, and 
these residues are also a classical, hydrophobic chaperone-binding 
motif.26,29 It has been reported that the capacity of Rnq1-GFP 
to interact with Sis1 is strongly, but not completely, reduced 
by mutations in this motif, L91A, L94A and L97A.26 In accor-
dance with this indication, L91P and L94A Rnq1 proteins were 
immunoprecipitated with Sis1 less efficiently compared with 
wild-type Rnq1 (Fig. 5A). The degree of reduction, however, was 
not striking in our study, which was presumably owing to differ-
ences in experimental conditions from the previous report. This 
could suggest that there is a somewhat significant change in the  

Figure 5. Immunoprecipitation of Sis1 complexes. (A) [PIN+] (NS43) cells transformed with pRS415RNQ1p plasmids expressing wild-type (WT) or 
the indicated mutant Rnq1 proteins were harvested, and subjected to immunoprecipitation with anti-Sis1 (S), anti-Rnq1 (R), or no (N) antibodies. Im-
munoprecipitated proteins were analyzed by western blotting using anti-Rnq1 (αRnq1) and anti-Sis1 (αSis1) antibodies. Lanes: W, whole cell lysate; N, 
no immunoprecipitating antibody; S, anti-Sis1 antibody immunoprecipitation; R, anti-Rnq1 antibody immunoprecipitation. Immunoblotting was repeat-
edly performed using three to five independent shuffled transformants. (B) [pin-] cells transformed with pRS415RNQ1p plasmids expressing wild-type 
(WT) or Rnq1-L94A proteins were harvested, and subjected to the immunoprecipitation analysis as shown in (A).

Table 1. Transmission of [PIN+] from Rnq1 mutants to wild-type Rnq1

Frequency of [PIN+] transmission from rnq1 
alleles expressed from:

rnq1 alleles

RNQ1 promoter ADH promoter

GFP foci
[PSI+] 

induction
GFP foci

[PSI+] 
induction

empty vector 0/10 0/10 0/5 0/5

wild-type 10/10 10/10 5/5 4/5

S12P 3/20 5/20 5/5 5/5

V23A 7/10 7/10 5/5 5/5

L94A 7/10 8/10 5/5 5/5

The plasmid-shuffled rnq1 strains were mated with [psi-] [pin-] wild-type 
RNQ1 cells; After confirming the presence of SDS-stable Rnq1 poly-
mers in the selected diploids by SDD-AGE, the rnq1 mutant plasmids 
were segregated from these diploids; The [PIN+] state of these diploid 
colonies was examined upon transformation with Rnq1-GFP expressing 
plasmid or Sup35-NM domain overexpressing plasmid; Colonies show-
ing Rnq1-GFP foci and [PSI+] inducibility were counted.
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ATT TCA AAC GCA TAC-3') and P2 (5'-ATA 
CTC GAG TTT GAT TTT CAG AAA CTT 
G-3') primers into the BamHI-XhoI site of pRS416 
or pRS415. Expression vectors contain the ADH, 
CYC1 or CUP1 promoter and the CYC1 termina-
tor for expression of exogenous sequences cloned 
into the BamHI-XhoI site as described previ-
ously.19 Other expression plasmids used are: Rnq1, 
pRS413CYC1p-RNQ1 (ARS/CEN, HIS3 marker)20 
and pRS413ADHp-RNQ1 (ARS/CEN, HIS3 
marker);20 Rnq1Δ100, pRS413ADHp-rnq1Δ100 
(HIS3 marker);20 Rnq1-GFP, pRS413CUP1p-
RNQ1-GFP (ARS/CEN, HIS3 marker)21 and 
pRS414CUP1p-RNQ1-GFP (ARS/CEN, TRP1 
marker);19 Sup35NM, pRS413CUP1p-SUP35NM 
(ARS/CEN, HIS3 marker)19 and pRS414CUP1p-
SUP35NM (ARS/CEN, TRP1 marker).19 
pRS415RNQ1p-rnq1(L94A) was constructed by 
site directed mutagenesis with P3 primer (5'-GCT 
AAC AAA GCT GCT TTT CCT AGT TGC-3') 
using pRS415RNQ1p-RNQ1 as a template.

Isolation of rnq1 mutants. The 1.5-kb frag-
ment containing the RNQ1 coding sequence, 
5'-flanking (RNQ1 promoter) and 3'-flanking 
(RNQ1 terminator) sequences was amplified by 
error-prone PCR using P4 (5'-ATG CCT GTC 
TCG TCC AAA CG-3') and P5 (5'-CCT GCA 
GAG ATA CAA CTC TG-3') primers in vitro, 
and co-transformed into the NS42 strain with a 
linearized, BglII-SnaBI, plasmid pRS415RNQ1p 
(ARS/CEN, LEU2 marker) carrying partial 
sequences for the RNQ1 promoter and termina-

tor. The mutagenized rnq1 sequences were inserted in vivo 
into the vector by homologous recombination with the RNQ1 
promoter and the RNQ1 terminator sequences. The resulting 
Ura+ Leu+ transformants were selected in SC-ura-leu liquid and 
incubated for 18 hr, and then cultured in SC+ura-leu liquid 
for 3 days. These cells were transformed with pRS413ADHp-
rnq1Δ100 (ARS/CEN, HIS3 marker)20 and grown on SC-leu-
his+5-FOA plates. Leu+ His+ 5-FOA resistant colonies were 
replica plated onto YPD plates to screen for white (i.e., [PSI+]) 
colonies. Plasmids were confirmed for reproducible phenotypes 
and characterized by DNA sequence analysis.

Induction of [PSI+] element. [PSI+] was induced in [psi-] cells 
upon transformation with pCUP1p-SUP35NM (HIS3 or TRP1 
marker). Transformants were grown in SC medium lacking selec-
tive nutrients and supplemented with 5-FOA and 50 μM CuSO

4
 

for 3 days and were subsequently streaked on SC-ade and SC+ade 
plates (for control), and then grown for 7 days on SC-ade or for 
4 days on SC+ade.

Protein analysis. Yeast cells were lysed with glass beads as 
described previously,22 or lysed by boiling in SDS-sample buf-
fer.23 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
and semi-denaturing detergent-agarose gel electrophoresis in 
the presence of 1% SDS (SDD-AGE24,25) were carried out as 
described previously.21 The immunoblot experiments were 

(ARS/CEN, URA3 marker)]), NS43 ([psi-] derivative of NS42 
constructed by transient overexpression of HSP104), NPK175 
([psi-] [pin-] MATα ade1-14 leu2 ura3 trp1)21 and NPK569 ([psi-] 
[pin-] MATα ade1-14 leu2 ura3 his3).20 The RNQ1 deletion 
strain was generated by transformation with a PCR product of 
the rnq1::KanMX sequence (American Type Culture Collection 
catalog no. 4013435) essentially as described previously.19 The 
yeast media used were YPD (1% yeast extract, 2% polypeptone, 
2% dextrose) and synthetic complete glucose (SC) (0.67% yeast 
nitrogen base without amino acid [DIFCO] and 2% dextrose) 
supplemented with adenine, leucine, uracil, histidine, trypto-
phan, or 5-fluoroorotic acid (5-FOA) as required. Yeast cells were 
grown at 30°C in YPD or in SC media with appropriate supple-
ments. To monitor colony color based on the ade1-14 nonsense 
suppression, yeast cells were grown on YPD plates for 4 days at 
30°C. Transformation was performed using Frozen-EZ Yeast 
Transformation II (ZYMO Research, Orange, CA) according to 
the manufacturer’s instructions.

Plasmids. Plasmids used are pRS400 series vectors 
(Stratagene). pRS416RNQ1p-RNQ1 (ARS/CEN, URA3 
marker) or pRS415RNQ1p-RNQ1 (ARS/CEN, LEU2 marker) 
carrying RNQ1 from nucleotide positions -228 (counted from 
the transcript start site) to 1653 were constructed by cloning a 
PCR fragment amplified with P1 (5'-TTT GAG CTC GGT 

Figure 6. Suppression of defective rnq1 mutants by overexpression of mutant 
Rnq1 proteins. (A) Overexpression of Rnq1 proteins examined by western blotting. 
Experimental conditions and procedures are the same as described in Figure 2 
except that rnq1 alleles are expressed from the strong ADH promoter substituted for 
the authentic RNQ1 promoter. Yeast strains used were NS43 ([psi-] [PIN+]) deriva-
tives whose chromosomal RNQ1 allele is either wild type (lane 1) or nullified with 
rnq1::KanMX (lanes 2 through 14). Plasmids: 1, plasmid free control; 2, pRS413RNQ1p-
RNQ1; 3 and 4, pRS413ADHp-RNQ1; 5, pRS413ADHp-S12P; 6, pRS413ADHp-S15P; 7, 
pRS413ADHp-V23A; 8, pRS413ADHp-E43K; 9, pRS413ADHp-V53A; 10, pRS413ADHp-
L91P; 11, pRS413ADHp-L94A, 12, pRS413ADHp-L123P; 13, pRS413ADHp-F146S; 14, 
pRS413ADHp-N397D. (B) Frequency of appearance of Rnq1-GFP foci (open boxes) and 
de novo induction of [PSI+] (gray boxes). Experimental conditions and procedures are 
the same as described in Figure 5. Three sets of 20 independent colonies were chosen 
for observation of Rnq1-GFP fluorescence and 12 for monitoring Pin+ activity gener-
ated by plasmid shuffling for each rnq1 allele were examined and scored. Results are 
expressed as the mean of three independent experiments with standard deviations.
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