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Abstract: Common methods to identify yeast cells containing the prion form 

of the Sup35 translation termination factor, [PSI+], involve a nonsense 

suppressor phenotype. Decreased function of Sup35p in [PSI+] cells leads to 

readthrough of certain nonsense mutations in a few auxotrophic markers, for 

example, ade1-14. This readthrough results in growth on adenine deficient 

media. While this powerful tool has dramatically facilitated the study of 

[PSI+], it is limited to a narrow range of laboratory strains and cannot easily 

be used to screen for cells that have lost the [PSI+] prion. Therefore we have 

engineered a nonsense mutation in the widely used URA3 gene, termed the 

ura3-14 allele. Introduction of the ura3-14 allele into an array of genetic 

backgrounds, carrying a loss-of-function URA3 mutation and [PSI+], allows for 

growth on media lacking uracil, indicative of decreased translational 

termination efficiency. This ura3-14 allele is able to distinguish various forms 

of the [PSI+] prion, called variants and is able to detect the de novo 

appearance of [PSI+] in strains carrying the prion form of Rnq1p, [PIN+]. 

Furthermore, 5-fluoorotic acid, which kills cells making functional Ura3p, 

provides a means to select for [psi−] derivatives in a population of [PSI+] cells 

marked with the ura3-14 allele, making this system much more versatile than 
previous methods. 

Keyword list: nonsense suppression, [PIN+], prion, [PSI+], Saccharomyces 
cerevisiae, SUP35, ura3-14 

Introduction 

[PSI+] is the misfolded infectious prion form of the Sup35 

protein (Sup35p) and converts properly folded, functional Sup35p into 

an aggregated, non-functional form. Sup35p, in conjunction with 

Sup45p, is required for translational termination at stop codons (UAA, 

UGA, UAG) [Stansfield et al., 1995; Zhouravleva et al., 1995]. Partial 

inactivation of Sup35p, by the presence of [PSI+], leads to 

translational readthrough or suppression of some premature stop 

codons (nonsense mutations). 

Many Mendelian mutations in tRNA or ribosomal protein genes 

lead to the suppression of a large number of nonsense mutations. 

Suppression of several nonsense mutations in [PSI+] cells was initially 

only observed in the presence of the weak tRNA suppressor, SUQ5 

[Cox, 1965; Liebman et al., 1975]. However, it was later realized that 

[PSI+] suppresses a limited number of alleles without SUQ5 [Liebman 

and Sherman; 1979] and the ability of an allele to be suppressed and 

the efficiency of suppression depends upon the context surrounding 

the premature stop codon [Liebman and Sherman, 1979; Firoozan et 

al., 1991]. 
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In recent years, readthrough of a few nonsense alleles in 

auxotrophic markers has been exploited in order to score for the 

presence of the [PSI+] prion. For example, in the presence of SUQ5 

and the ade2-1 (UAA) allele, or the ade1-14 (UGA) allele by itself, 

[PSI+] cells are white on rich media and grow on synthetic media 

lacking adenine (-Ade), whereas cells that lack [PSI+], called [psi−], 

are red on rich media and do not grow on –Ade [Cox, 1965; Inge-

Vechtomov et al., 1988; Chernoff et al., 1995]. 

The N-terminal region of the Sup35 protein (Sup35N) is 

required for the maintenance of [PSI+], and overproduction leads to 

the de novo appearance of the prion [Ter Avenesyan et al., 1993; 

Chernoff et al., 1993; Wickner, 1994; Derkatch et al., 1996]. Different 

[PSI+] variants, distinguished on the basis of the efficiency with which 

they suppress the ade1-14 allele, were induced by Sup35N 

overproduction: strong [PSI+] promotes more rapid growth than weak 

[PSI+] on –Ade [Derkatch et al., 1996; Zhou et al., 1999]. 

Additionally, there is less soluble Sup35p found in strong [PSI+] than 

in weak [PSI+] cells [Zhou et al., 1999; Uptain et al., 2001]. Thus, 

strong [PSI+] cells, with less Sup35p available for use in proper 

translational termination, readthrough nonsense codons more 

efficiently. Not only are these phenotypic differences heritable but they 

are also associated with distinct structural forms of aggregated 

Sup35p [Tanaka et al., 2005; Krishnan and Lindquist, 2005; Liebman 

2005]. 

[PIN+], which stands for [PSI+] inducibility, is the prion form of 

the Rnq1 protein that enhances the de novo appearance of [PSI+] 

[Derkatch et al., 2001; Sondheimer and Lindquist, 2000]. 

Overexpression of Sup35N in [PIN+], but not [pin−], strains leads to 

the appearance of [PSI+] [Derkatch et al., 1997]. Like [PSI+], the 

[PIN+] prion can exist in different variant states: low [PIN+], medium 

[PIN+], high [PIN+] and very high [PIN+] [Bradley et al., 2002]. The 

[PIN+] variants promote the de novo appearance of [PSI+] with the 

efficiencies indicated by their names. In strains carrying the ade1-14 

mutation, these differences are detected by the level of growth on –

Ade media. 

The use of the ade1-14 or ade2-1 mutations to score for [PSI+] 

and to detect [PIN+] through the appearance of [PSI+], has 
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dramatically facilitated the study of prions in yeast. On the other hand, 

[PSI+] detection has been limited to a few laboratory yeast strains 

containing a [PSI+] suppressible allele. Therefore, we have engineered 

a [PSI+] suppressible nonsense mutation in the URA3 gene, which not 

only provides a means to screen for [PSI+] in a wide range of strains 

but also allows one to select for cells that have lost the [PSI+] prion. 

Materials and Methods 

Plasmids and construction 

The pCI-HA(URA3)-2 plasmid was kindly provided by Chikashi 

Ishioka [Ishioka et al., 1997]. This plasmid (ori AmpR CEN ARS LEU2 

URA3) contains a PGK promoter followed by a start codon (ATG), a 

BamHI site, the URA3 coding sequence from amino acid 5 to the wild 

type stop codon, and the PGK terminator. Sequences can be inserted 

into the BamHI site to identify mutations that produce truncated 

products. We took advantage of this system and inserted the nonsense 

mutation found in ade1-14, and surrounding sequences, into this 

region (Figure 1). Two reverse complimentary primers were designed 

to make a double stranded adapter (primer A. 

TTTTTTGGATCCGAGGTGCTAACGCCAGACTCCTCTAGATTCTGAAACGGT

GC CTCTTATAAGGTAGGAGAATCCAAGCTTGGATCCTTTTTT; primer B 

AAAAAAGGATCCAAGCTTGGATTCTCCTACCTTATAAGAGGCACCGTTTCAG

A ATCTAGAGGAGTCTGGCGTTAGCACCTCGGATCCAAAAAA). Primers, 

added together in equimolar amounts, boiled for 10 min, and allowed 

to cool to room temperature were cut with BamHI and inserted into 

pCI-HA(URA3)-2. Insertion of the adapter was detected by digestion 

with HindIII, and the insert sequence and orientation was verified by 

Automated DNA sequencing (University of Chicago). The new plasmid 

is called pLEU2ura3-14. 
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Figure 1. Construction of the ura3-14 allele. An 81 nucleotide region from the ade1-
14 allele was inserted into the BamHI site of pCI-HI(URA3)-2 from Ishioka et al. 
(2002). Codons from ade1-14 were placed in frame with the URA3 gene starting at 
codon 5 as shown. The nonsense codon (TGA) within the ade1-14 region is indicated 
in bold. 

Overexpression of the N-terminal and middle domains of Sup35 

(Sup35NM) fused to GFP was used to induce [PSI+]. p1181 is a copper 

inducible plasmid carrying the fusion (CEN HIS3 ori ARS AmpR pCup-

Sup35NM:GFP) [Sondheimer and Lindquist, 2000; Derkatch et al., 

2001]. 
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Cultivation procedures 

Saccharomyces cerevisiae strains were subjected to standard 

media and cultivation protocols [Sherman et al., 1986]. Cells were 

grown at room temperature (21°C). Suppression of the ura3-14 allele 

by [PSI+] appeared to be less efficient at 30°C than at 21°C. Synthetic 

complete media contained dextrose and the required amino acids. 

Strains (leu2 his3 ura3) transformed with pLEU2ura3-14 or both 

pLEU2ura3-14 and p1181 were maintained on synthetic complete 

media lacking leucine (–Leu) or lacking leucine and histidine (–Leu-

His), respectively, and assayed for [PSI+] suppression on –Ura-Leu 

media. [psi−] derivatives of the strains grew on -Leu 5′ FOA media 

made according to Rose et al. (1990). 

Strains 

The strains used in this study are listed in Table 1. The ade1-14 

mutation was introduced into the W303 background by Osherovich and 

Weissman (2001). BY4742 strains were obtained from Open 

Biosystems. [psi−] [pin−], [PSI+] [pin−] and [psi−] [PIN+] versions of 

the 74-D694 strain were made by Bradley et al. (2002). 

Table 1. Strains used in this study 

Strain Lab Name Genotype 

W303 GF657 Mataade1-14 leu2-3,112 ura3-1 trp1-1 his3-11,15 can1-100 

SL1010-1A L1832 Mataade1-14 leu2-1 ura3-52 trp1-1 his5-2 met8-1 

74-D694 L1751 Mataade1-14 leu2-3,112 ura3-52 trp1-289 his3-200 

64-D697 L1754 Matα ade1-14 leu2-3, 112 ura3-52 trp1-289 lys9-A21 

BY4742 L2792 Matα his3 leu2 ura3 lys2 met15::KanMX 

[PSI+] versions of BY4742 were made by cytoduction of 

cytoplasm from a [rho+] donor cell to a [rho°] recipient cell, where the 

donor carries the kar1-1 allele to inhibit nuclear fusion [Conde and 

Fink, 1976]. Donor strains (C10H49a Matα ade2-1 SUQ leu1 his3-11, 

15 kar1 lys1-1 cyhR) were mated to recipients in excess overnight. 

Cytoductants and diploids were selected by growth on synthetic media 

using glycerol as the sole carbon source but lacking amino acids 
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required by the donor. Cytoductants were distinguished from diploids 

based on auxotrophic markers. 

Induction of [PSI+] 

[psi−] [pin−], [psi−] low [PIN+], [psi−] medium [PIN+], [psi−] 

high [PIN+], and [psi−] very high [PIN+] versions of 74-D694 were co-

transformed with pLEU2ura3-14 and p1181 (pCup-Sup35NM:GFP 

HIS3) plasmids. Cells initially grown on -Leu-His were induced twice by 

replica plating onto –Leu-His plus 50 μM copper sulfate plates for two 

days and then velveteen replica plated to –Ura-Leu at room 

temperature for up to two weeks to score for growth, which indicates 

[PSI+] appearance. 

Distinguishing [PSI+] from Mendelian suppressor 

mutants 

Mendelian suppressor mutations can be conveniently distinguished 

from [PSI+] since they cannot be cured by guanidine hydrochloride, a 

chaotropic agent that appears to eliminate prions through the 

inactivation of Hsp104 [Tuite et al., 1981; Jung and Masison, 2001; 

Bradley et al., 2003]. Cells were cured by streaking on YPD plus 5mM 

guanidine hydrochloride twice and then plating on –Ura and –Ade 

media to check for suppression. 

Results 

Obtaining a [PSI+] suppressible allele in the URA3 gene 

Previous studies indicated that the context in which a nonsense 

codon exists affects the efficiency that it can be readthrough [Namy et 

al., 2003]. Therefore, it is likely that many site-directed stop codon 

mutations may not be [PSI+] suppressible. Thus, we randomly 

mutagenized the URA3 gene with ultraviolet light and designed a 

screen to uncover [PSI+] suppressible nonsense mutations 

(unpublished). When these screens failed, we took another approach. 

Knowing that fusions to the N-terminus of the URA3 gene do not 

inactivate function [Ishioka et al., 1997], we fused a piece of the 

ade1-14 locus containing the [PSI+] suppressible nonsense mutation to 
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the 5′ end of URA3 (see Materials and Methods; Figure 1). The ade1-

14 allele contains a substitution at nucleotide 732, changing the coding 

tryptophan (TGG) to a TGA stop codon [Inge-Vectomov et al., 1988; 

Nakayashiki et al., 2001]. The nonsense mutation and ten adjacent 

upstream and downstream codons were fused to the URA3 gene and 

we have termed this allele ura3-14. 

[PSI+] causes suppression of the ura3-14 allele 

The plasmid was transformed into [PSI+] and [psi−] versions of 

four strains: 74-D694, 64D-697, W303 and SL1010-1A. Each of these 

strains contains the ade1-14 allele and a ura3 mutation. As expected, 

[PSI+], but not [psi−], strains grew on –Ade media (data not shown). 

Similarly, only [PSI+] strains grew on –Ura (Figure 2a). Thus, the 

ura3-14 allele is suppressed by [PSI+]. Likewise, when BY4742, the 

MATα ura3 yeast deletion library strain carrying the ura3-14 plasmid 

was tested, only [PSI+], and not [psi−], versions grew on –Ura. 

 

Figure 2. The presence and absence of [PSI+] can be scored by the ura3-14 allele. A. 

[psi−] and [PSI+] versions of five different ura3 strains carrying the pLEU2ura3-14 
plasmid were replica plated on –Ura-Leu media at 21°C. Pictures shown were taken at 

7 days of growth for 74-D694 and SL1010-1A, 11 days for 64D-697 and W303, and 
two weeks for BY4742. It should be noted that the same 74D-694 strain took about 
five days to grow on –Ade under similar conditions (data not shown). B. [PSI+] or 
[psi−] derivatives carrying the pLEU2ura3-14 plasmid were plated on + 5′FOA media. 
Plate shown after 7 days of growth. C. [psi−], weak [PSI+] and strong [PSI+] versions 
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of 74-D694 (ade1-14 ura3-52 leu2-3,112) carrying the pLEU2ura3-14 plasmid were 

replica plated onto –Ura-Leu plates. It should be noted that while strong [PSI+] 
showed growth after 7 days, weak [PSI+] did not appear until approximately 14 days 
(as shown in picture). Strong [PSI+] also grew better than weak [PSI+] in the 64D-697 
and BY4742 genetic backgrounds (data not shown). 

Screening for the absence of [PSI+] 

The suppressible ura3-14 allele now makes it possible to directly 

select for cells that have lost the [PSI+] prion. The wild type URA3 

gene converts 5′fluoroorotic acid (5′FOA) into the toxic compound, 5-

fluorouracil [Boeke et al., 1984]. Therefore, [PSI+] strains that 

suppress the ura3-14 allele will produce Ura3p and die on 5′FOA 

media, as they produce the toxin; [psi−] cells will not make Ura3p and 

will grow on media containing 5′FOA as shown in Figure 2b. 

Characterization of [PSI+] variants using the ura3-14 

allele 

As mentioned earlier, different variants of [PSI+] suppress the 

ade1-14 allele with different efficiencies. Likewise, strong [PSI+] can 

be distinguished from weak [PSI+] variants with the ura3-14 allele. 

The strong [PSI+] versions grew better on –Ura than weak [PSI+] 

versions in the same genetic background (Figure 2c). 

Identification of the de novo appearance [PSI+] in 

[PIN+] strains 

Four [PIN+] variant and [pin−] versions of 74-D694 were co-

transformed with the ura3-14 plasmid and a plasmid that has 

Sup35NM under the control of a CUP1 promoter. As shown previously, 

following overproduction of Sup35NM, [PIN+] strains, but not [pin−] 

strains, grew on –Ade, indicative of [PSI+] induction [Bradley et al., 

2002]. Control cells in which Sup35NM was not overproduced did not 

show significant growth on –Ade [Derkatch et al., 1997]. Similar 

results were obtained using the ura3-14 allele, instead of ade1-14 to 

score for [PSI+] appearance (Figure 3). 
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Figure 3. The ura3-14 allele can be used to screen for the induction of [PSI+] in 
strains carrying different variants of [PIN+]. [psi−] 74-D694 strains carrying the 

indicated variants of [PIN+], the pLEU2ura3-14 plasmid and the Sup35NM:GFP 
plasmid, were either plated directly onto –Ura-Leu media without copper induction 

(−), or induced on copper and then plated onto –Ade or –Ura-Leu media (+). Pictures 
of uninduced and induced strains were taken after 7 days of growth. Ura+ colonies 
appearing in [pin−], and not [PIN+] strains, continued to grow on –Ura media after 
curing on guanidine hydrochloride, indicating that these colonies were Mendelian 
suppressors and not [PSI+]. Cells growing in induced [PIN+] strains were confirmed to 
be [PSI+] since they did not grow on –Ura-Leu after curing (see Materials and 
Methods, data not shown). 

Discussion 

The method described above using the ura3-14 allele in a ura3 

mutant strain provides several advantages when compared to 

traditional methods for scoring for [PSI+]. This allele is not only 

suppressed by [PSI+] in a range of strain backgrounds, but does not 

require a secondary suppressor like SUQ5, and therefore can be 

transformed into any ura3 mutant or deletion that does not grow on 

uracil. In addition, the plasmid can be used to screen for [PSI+] in 
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libraries available to the yeast community including the Yeast 

disruption library [Winzeler et. al., 1999], the HA-tagged library [Ross-

Macdonald, et. al., 1999] and the GFP tagged library [Huh, et al., 

2003]. 

A genomically integrated version of this allele is expected to be 

functional, since the [PSI+] suppressed ura3-14 allele on a plasmid 

used is able to compensate for a mutated or fully deleted URA3 gene 

like those found in the 74-D694 and BY4742 strains, respectively. The 

construction of a [PSI+] suppressible marker is not limited to the URA3 

gene. By placing the nonsense mutation and surrounding codons of 

the ade1-14 gene into any other gene, one can potentially engineer 

other genes that can be suppressed by [PSI+]. 

Previously, there were few genetic methods to select or screen 

for the loss of the [PSI+] prion from a [PSI+] population. The can1-100 

allele (UAA) confers resistance to the drug canavanine. In the 

presence of SUQ5, this allele is [PSI+] suppressible, allowing for the 

selection of [psi−] derivatives that are canavanine resistant. However, 

this method is limited to a small number of strains bearing both the 

SUQ5 and can1-100 mutations [Liebman et al., 1975; Cox et al., 

1980; Wilson et al., 2005]. In strains carrying the ade1-14 mutation, 

cells that have lost [PSI+] can be scored by spreading cells on rich 

media and manually selecting red colored colonies. This method is 

both labor intensive and cumbersome for screening a large number of 

samples and requires cells to carry the ade1-14 allele. Since ura3 

mutations are prevalent in laboratory strains, introduction of the ura3-

14 allele easily allows for [psi−] cells to be directly selected from a 

population by growth on 5′FOA. 
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