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Deletion of the Hsp70 chaperone gene SSB causes hypersensitivity
to guanidine toxicity and curing of the [PSI +] prion by increasing
guanidine uptake in yeast
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Abstract Yeast Ssb proteins (Ssbp) are ribosome-asso-
ciated Hsp70 chaperones that function in translation.
Elevated levels of Ssbp enhance the ability of over-
expressed Hsp104 chaperone to eliminate the yeast
[PSI +] prion, while depletion of Ssbp reduces this effect.
Millimolar concentrations of guanidine in the growth
medium cure yeast cells of prions by inactivating
Hsp104. Guanidine is also toxic to yeast, irrespective of
the status of Hsp104 and [PSI +]. Strains that lack Ssbp
are hypersensitive to guanidine toxicity. Here we show
that ssb – cells have normal numbers of [PSI +] ‘‘seeds’’,
but can be cured of [PSI +] using one-sixth of the
guanidine concentration required to eliminate [PSI +]
from SSB cells. Correspondingly, the level of intracel-
lular guanidine was eight-fold higher in ssb – cells than
in wild-type cells, which explains all effects of Ssbp de-
pletion on susceptibility to guanidine. The sensitivity of
wild-type cells to the effects of guanidine also correlated
with guanidine uptake, which was enhanced at low
temperature. Guanidine sensitivity of strains mutated in
any of 16 ABC membrane transporters, which are im-
plicated in multidrug resistance, was normal. We found
that an erg6 mutant that has an altered membrane lipid
composition was hypersensitive to guanidine toxicity,
but the lipid composition of ssb – cells was identical to
that of wild-type cells. Our results suggest that Ssbp
depletion does not affect prion seed regeneration, and
that elevated guanidine uptake by ssb – cells may be due
to increased retention rather than to an alteration in
active or passive transport of the compound.
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Introduction

The Ssb1 and Ssb2 proteins of S. cerevisiae, collectively
referred to as Ssbp, are 99% identical, and are func-
tionally redundant ribosome-associated chaperones.
They are referred to as heat shock cognates as they share
60% identity with the Ssa Hsp70 family (Werner-
Washburne et al. 1989; Craig et al. 1995), although Ssbp
expression is not induced by conditions that efficiently
induce bona-fide heat shock proteins. In fact, expression
of Ssbp is repressed at elevated temperatures and
induced by low temperature (Werner-Washburne et al.
1989). Ssbp was shown to be associated with ribosomes
through an interaction with the nascent polypeptide
chain, which led to the proposal that the proteins act as
chaperones that facilitate correct folding of newly syn-
thesized polypeptides and assist in transport of nascent
peptides through the ribosome (Nelson et al. 1992;
Pfund et al. 1998).

The term prion was coined to refer to infectious
proteins (Prusiner 1982). The known prions are trans-
missible amyloid forms of cellular proteins that prop-
agate by converting the native protein into the same
abnormal prion form. A prion-like mechanism has
been shown to underlie the inheritance of the non-
Mendelian genetic elements [PSI +] and [URE3] in
yeast (Wickner 1994). The [PSI +] element is a prion
form of the Sup35 protein (eRF3), a eukaryotic release
factor that plays an essential role in translation termi-
nation (Stansfield et al. 1995; Zhouravleva et al. 1995).
In [PSI +] cells, recruitment of much of the soluble
form of Sup35p into prion aggregates reduces the effi-
ciency of translation termination, which in turn causes
a nonsense suppressor phenotype that can be used to
monitor the [PSI +] state.

Much work on yeast prions has focused on protein
chaperones and their effects on prion stability. Thus, the
chaperones Hsp104, Hsp70, and Hsp40 have been
implicated in yeast prion propagation (Chernoff et al.
1995,1999; Newnam et al. 1999; Jung et al. 2000;
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Kushnirov et al. 2000; Moriyama et al. 2000; Chacinska
et al. 2001). Hsp104, a stress-response chaperone that
solubilizes protein aggregates, is required for yeast prion
propagation but can eliminate [PSI +] if overproduced
under non-stress conditions. A mutation in Ssa1p, a
constitutively expressed cytosolic Hsp70 whose expres-
sion is further induced by stress, can destabilize [PSI +]
(Jung et al. 2000; Jones and Masison 2003), and deleting
both SSB1 and SSB2 reduces the [PSI +]-curing effect
of HSP104 over-expression (Chernoff et al. 1999). In
addition, over-expression of the SSB1 or the HSP40
gene can cure cells of [PSI +] (Kushnirov et al. 2000;
Chacinska et al. 2001).

Growing yeast in low concentrations (3–5 mM) of
guanidine causes them to lose [PSI +] by specifically
inactivating Hsp104 (Tuite et al. 1981; Ferreira et al.
2001; Jung and Masison 2001; Jung et al. 2002; Ness
et al. 2002). Guanidine is toxic to yeast at concentrations
above 3–5 mM. The reason for this toxicity is unknown,
but it is independent of both [PSI +] and Hsp104 (Jung
et al. 2002). Earlier work reported that cells lacking Ssbp
are hypersensitive to guanidine toxicity (Chernoff et al.
1999), leading to the suggestion that guanidine specifi-
cally targets co-translational protein folding or other
processes involving Ssbp.

We have uncovered phenotypes caused by Ssbp
deficiency that are unrelated to effects upon [PSI +], but
which affect the interpretation of [PSI +]-related phe-
notypes. In agreement with earlier results (Chernoff et al.
1999), we find that Ssbp deficiency sensitizes cells to the
toxic effects of guanidine hydrochloride. We further
show that this enhanced sensitivity is due to an increase
in guanidine uptake, which in turn allows Ssbp depleted
cells to be cured of [PSI +] using a much lower con-
centration of added guanidine. We also find that Ssbp
depletion in [psi –] cells modestly increases nonsense
suppression and variably affects mRNA abundance,
which may suggest roles for Ssbp in transcription or
nonsense mRNA metabolism.

Materials and methods

Strains, media and genetic methods

The [PSI +] strains 642 (MATa kar1 ade2-1 SUQ5 his-11,153 leu2-
3,1122 lys2 trp1D1 ura3-52) and GB1/2 (as 642, but ssb1:: HIS3
ssb2:: KanMX4) were constructed in this laboratory and are iso-
genic. The [psi –] variants of these strains were obtained by gua-
nidine curing (see below). Strain 642 was derived from a cross
between strain RW1590 (MATa kar1-1 ade2-1 SUQ5; obtained
from Reed Wickner, NIH, Bethesda, Md.), and strain JN54
(Nelson et al. 1992) (MAT a his3-11,15 leu2-3,112 lys2 trp1D1
ura3-52). SSB1and SSB2were disrupted in strain 642 with
KanMX and HIS3, respectively, by transformation using DNA
fragments amplified by PCR (Wach et al. 1994). Media were
prepared as described by Sherman (1991), except that 1/2YPD
contains 0.5% yeast extract, 2% peptone and 2% dextrose. YPAD
is similar but contains 1% yeast extract and 400 mg/l adenine.
YPD/G3 is 1/2YPD with 3 mM guanidine hydrochloride. Genetic
methods used were described by Jung et al. (2000). The presence of
[PSI +] was verified by assaying for curing by guanidine, and by

monitoring either its transmission by cytoplasmic transfer (cyto-
duction) or its dominant phenotype when crossed followed by
guanidine treatment of the resulting diploids.

Guanidine curing

Guanidine curing of [PSI +] was done as described previously
(Jung et al. 2000). Briefly, cells from [PSI +] cultures were grown at
30�C in liquid YPAD containing guanidine at the indicated con-
centrations. Cells were maintained in log phase by continued di-
lution into fresh guanidine-containing medium. Aliquots were
removed periodically and spread on 1/2YPD plates at a density of
approximately 400 colonies per plate. After incubating for 3 days
at 30�C followed by 3 days at 25�C, the resulting colonies (�1,000/
time point) were scored as [PSI +] (white) or [psi –] (red). Red/
white sectored colonies were scored as [PSI +].

Measurement of guanidine uptake

Cells (OD600=0.2) were shaken in YPAD in the presence of 1 mM
guanidine and 10 ll of [14C]guanidine (0.1 mCi/ml, 55 mCi/mmol;
American Radiolabeled Chemicals) at 30�C for 2 h. GB1/2 cells
carrying pSSB1 were first grown overnight in medium lacking
uracil, diluted into YPAD to an OD600 of 0.05, and grown to
OD600=0.1 before adding guanidine. Equal numbers of cells were
harvested, washed twice with 1 ml of water and suspended in 1 ml
of TE (pH 8.0). Then 3 ml of scintillation fluid was added and
[14C]guanidine was measured in an LKB scintillation counter.

b-Galactosidase (read through) assays

b-Galactosidase was assayed as described previously using the W4
series of plasmids (Bonetti et al. 1995). Briefly, 1-ml aliquots of
cells, grown at 30�C to an OD600 value of 0.75, were washed in
water and suspended in 1 ml of assay buffer. Cells were permea-
bilized by adding 50 ll of chloroform and 20 ll of 0.1% SDS.
Reactions were initiated by the addition of 200 ll of ONPG (4 mg/
ml) and stopped by the addition of 500 ll of 1 M sodium car-
bonate. b-Galactosidase activity was determined by measuring
OD420 (Guarente 1983).

Northern analysis

Cells were grown under the inducing conditions used for b-ga-
lactosidase assays, and RNA was isolated using the FastRed RNA
kit (Bio101). Aliquots (10 lg) of RNA were loaded on a 1% aga-
rose gel containing 0.66 M formaldehyde, fractionated by electro-
phoresis, and transferred to Genescreen Plus (DuPont) nylon
membrane as recommended by the manufacturer. The membrane
was probed at high stringency using a 2.9-kb PvuII fragment of
lacZ (Bonetti et al. 1995). The membrane was then stripped by
boiling in 0.1xSSC/1% SDS, and probed with a 450-bp fragment of
the yeast ACT1 gene as a loading control. RNA amounts were
quantified using a BASII phosphorimager (Fuji).

RT-PCR assays

Because the adenine biosynthetic pathway is repressed by excess
adenine, total RNA was isolated from cells grown in 1/2YPD. RT-
PCR assays were performed as described by Song et al. (2002). The
ADE2-specific primers A (5¢-TTCCTGTGGAAACAAGCCAGT-3¢)
and B (5¢-GTGACGCAAGCATCAATGGT-3¢) amplify a 490-bp
segment of ade2-1 extending from position 371 to 860 (where po-
sition 1 is the A of the initiator ATG). Competitor ADE2 RNA,
which lacks bases 391–445 and competes for the same ADE2-spe-
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cific primers, was prepared using an RT-PCR competitor con-
struction kit (Ambion). The Qiagen Quantitech RT-PCR kit was
used with antisense specific primers to convert mixtures of total
yeast RNA (750 ng) and serially diluted competitor RNA to cDNA,
which was then co-amplified by PCR in the same reaction with the
ADE2-specific primer pair. Products were resolved on 2% agarose
gels and stained with ethidium bromide.

Results

Cells lacking Ssbp are hypersensitive to guanidine
toxicity

Cells lacking Ssbp ( ssb –) growmore slowly thanwild-type
cells, a phenotype that is likely to be due to a reduction in
translation rates (Nelson et al. 1992). Whether [PSI +] or
[psi –], the doubling times for our wild-type (642) and ssb –

(GB1/2) strains in liquid YPAD at 30�C were 120 and
180 min, respectively.Onplateswithout guanidineGB1/2
cells required incubation for two additional days to form
colonies equivalent in size to those of the wild type. In
agreement with observations made by others (Chernoff
et al. 1999), our ssb – strain was hypersensitive to the toxic
effects of guanidine. In liquid YPAD with 1 mM guani-
dine, the doubling times of strains 642andGB1/2were 110
and 260 min, respectively. Moreover, GB1/2 cells were
unable to form colonies on 3 mM guanidine, a concen-
tration routinely used to cure yeast prions (Fig. 1; see
below). Guanidine concentrations of about 10 mM were
required to inhibit growth of the isogenic wild-type strain
to the same extent (data not shown). GB1/2 cells carrying
a plasmid containing SSB1 (Ohba 1994) had wild type
growth rate and guanidine sensitivity, indicating that the
reduced growth and guanidine hypersensitivity were due
to lack of Ssbp alone (data not shown).

Cells lacking Ssbp are hypersensitive to curing
of [PSI +] by guanidine

When yeast cells are grown in the presence of 3–5 mM
guanidine replication of inheritable prion particles, or
‘‘seeds’’, is inhibited (Eaglestone et al. 2000). Non-repli-
cating seeds are then randomly distributed among di-
viding cells until they become diluted to the point where
additional cell division gives rise to [psi –] cells. The
length of the lag in appearance of [psi –] cells thus pro-
vides an estimate of the number of [PSI +] seeds present
per cell before the addition of guanidine. Typical [PSI +]
cells have an average of about 60 seeds per cell and thus
require four to five cell divisions in the presence of gua-
nidine before [psi –] cells appear.

To determine whether cells lacking Ssbp were also
hypersensitive to the [PSI +] curing effect of guanidine,
strains 642 and GB1/2 were grown on 1/2YPD medium
containing 0.25 mM, 0.5 mM, 0.75 mM or 1 mM gua-
nidine. Cells from small colonies (1–2 mm diameter)
were suspended in water and spread onto 1/2YPD, and

the resulting colonies were scored for the presence of
[PSI +]. For strain 642, [PSI +] was completely stable
on all plates. [PSI +] was also stable in GB1/2 cells on
plates containing 0.25 mM guanidine. However, among
GB1/2 cells grown on plates with 0.5 mM guanidine,
50–70% were [psi –]. Although the cured cells were less
red than 642 [psi –] cells (Fig. 1, see below), they were
confirmed to be [psi –] by transfer of cytoplasm into a
[psi –] strain. Thus Ssbp deficiency causes hypersensi-
tivity to curing of [PSI +] by guanidine.

The rate of [PSI +] loss more accurately defines
sensitivity to the curing effect of guanidine, and can also
provide an estimate of the number of transmissible prion

Fig. 1 Phenotypes of [ PSI +] and [ psi –] variants of strains 642
(wild type, WT) and GB1/2 ( ssb –). [ PSI +] and [ psi –] cells were
streaked onto 1/2YPD and YPD/G3 as indicated and incubated at
30�C for two days and then at 25�C for 2 days. [ PSI +] cells grown
on guanidine become [ psi –] (see text)
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particles, or [PSI +] ‘‘seeds’’, present per cell (Eaglestone
et al. 2000). Guanidine was added to liquid cultures, and
the fraction of cells in the population that remained
[PSI +] was monitored as the cells divided. For wild-
type cells, 1 mM guanidine did not cure [PSI +] and
3 mM guanidine had the maximal curing effect
(Fig. 2A). For strain GB1/2, 0.25 mM guanidine had no
effect on [PSI +] but curing kinetics very similar to those
seen in wild type cells grown with 3 mM guanidine were
obtained using 0.5 mM, 0.75 mM and 1.0 mM guani-
dine (Fig. 2B). Thus, for yeast cells lacking Ssbp a wild
type curing profile was seen with about sixfold less
added guanidine. Nevertheless, the lag before the ap-
pearance of [psi –] cells, which is a direct reflection of the
starting number of seeds per cell, was similar for 642 and
GB1/2. Thus, [PSI +] cells lacking Ssbp are capable of
maintaining a normal number of [PSI +] seeds per cell.

Because of the slow growth of GB1/2 cells, we tested
whether prolonged generation time might enhance the
curing effect of guanidine in wild-type cells. We did this
by assaying the effects of 1 mM guanidine on strain 642
at 20�C; at this temperature this strain grows at a rate
(�200 min/cell division) similar to that of GB1/2 in

1 mM guanidine at 30�C. Although less efficient than
2 mM guanidine at 30�C, 1 mM guanidine cured strain
642 of [PSI +] at 20�C (Fig. 2A). We also observed in-
frequent (�0.1%) loss of [PSI +] from untreated 642
cells during prolonged growth at 20�C. Thus, decreasing
the growth temperature results in increased sensitivity to
curing of [PSI +] by guanidine and spontaneous mitotic
loss of [PSI +].

Hypersensitivity to guanidine is caused by increased
uptake of the compound

The difference in guanidine sensitivity could easily be
explained if the GB1/2 cells accumulated more guanidine
intracellularly than do wild-type cells. We tested this
hypothesis by using radiolabeled guanidine in cultures
containing a final concentration of 1 mM unlabeled
guanidine. Indeed, GB1/2 cells were found to accumu-
late approximately eightfold more of the label than the
wild type (Table 1). GB1/2 cells with a single-copy pla-
smid containing the SSB1gene had a level of guanidine
uptake similar to that of wild-type cells, indicating that
the increased uptake in GB1/2 cells was due to lack of
Ssbp alone. In cultures exposed to 0.5 mM guanidine
intracellular guanidine concentrations were about half
those attained when 1 mM guanidine was used, indi-
cating that guanidine uptake was essentially linear across
this concentration range (data not shown). Wild type
cells took up about twice as much guanidine when grown
at 20�C compared with 30�C (Table 1), which is con-
sistent with the finding that they are cured of [PSI +] in
the presence of lower concentrations of added guanidine
at low temperature. Wild-type cells were also more sen-
sitive to the toxic effects of guanidine at 20�C, producing
fewer viable cells per generation in the presence of 3 mM
guanidine at this temperature (data not shown). Thus,
differences in accumulation of intracellular guanidine
adequately explain all of the guanidine hypersensitivity
phenotypes.

Assuming the volume of a haploid yeast cell to be
70 lm3 (Sherman 1991), we estimated the intracellular
concentration of guanidine in strain 642 grown at 30�C
in 1 mM guanidine to be 19 mM. GB1/2 cells contain
about 150 mM guanidine when grown under the same
conditions.

Mutation of ERG6 but not of genes for ABC
transporters causes guanidine hypersensitivity

Possible causes of the increased guanidine accumulation
in cells lacking Ssbp include defects in membrane
pumping systems or in the membranes themselves. An
interaction has been demonstrated genetically between
the Ssbp Hsp40 co-chaperone Zuo1p (Yan et al. 1998)
and the pleiotropic drug resistance factor Pdr13p, which
is a protein with weak homology to Hsp70 that is in-
volved in the transcriptional regulation of ATP-binding-

Fig. 2A, B Loss of [PSI +] after addition of guanidine. A
Percentage of wild-type (WT, strain 642) [PSI +] cells present at
various times after the addition of guanidine to final concentrations
of 0–1 mM (circles), 2 mM (squares), 3 mM (triangles) at 30�C, or
1 mM at 20�C (diamonds). B Similar plot for strain GB1/2 (ssb –)
grown at 30�C with no guanidine (circles), 0.25 mM (squares),
0.5/0.75 mM (triangles), 1 mM (diamonds)
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cassette (ABC) proteins (Hallstrom et al. 1998; Mich-
imoto et al. 2000). ABC proteins are a universally con-
served family whose members include membrane
transporters that have been implicated in metal and
multidrug resistance (Higgins 2001). Taking a candidate
gene approach we assayed the guanidine sensitivity of 16
mutants, each lacking one ABC protein (a total of 29
ABC proteins are encoded in the yeast genome). Except
for the mating pheromone exporter encoded by STE6,
those tested included all of the full length transmem-
brane homologs that are implicated in metal and mu-
tlidrug resistance (Decottignies et al. 1997). None of the
mutants tested was significantly more sensitive to gua-
nidine than our wild-type strain (data not shown). Thus,
it appears unlikely that Ssbp deficiency indirectly in-
creases guanidine uptake by affecting ABC membrane
transporters.

We also tested the guanidine sensitivity of an erg6
mutant, which displays an altered membrane lipid
composition and is hypersensitive to several toxic com-
pounds. The erg6 mutant was considerably more sen-
sitive to guanidine than wild-type cells, forming only
micro-colonies on 3 mM guanidine after 5–7 days at
30�C (data not shown). It was slightly less sensitive than
strain GB1/2, which did not form colonies on 3 mM
guanidine. In agreement with our other results, the level
of intracellular guanidine was threefold higher in the
erg6 mutant than in wild type (data not shown).
Prompted by this result, we examined the lipid compo-
sition of our experimental strains. Lipids (sterols) of
wild-type and GB1/2 cells were extracted by alkaline
saponification of whole cells (Parks et al. 1985) and
analyzed by reversed-phase HPLC (Xu et al. 1988). Both
strains had essentially identical lipid profiles, suggesting
that it is also unlikely that Ssbp depletion increases
guanidine accumulation by altering membrane perme-
ability.

Deletion of SSB increases nonsense suppression
and affects nonsense mRNA abundance

The presence of [PSI+] allows the weak suppressor
tRNA SUQ5 ( SUP16) to suppress the UAA nonsense
allele ade2-1 in our strains (Cox 1965). Non-suppressed
[psi –] cells require adenine for growth and form red
colonies when adenine is limiting (i.e. on 1/2YPD
medium) due to the accumulation of a pigmented form

of the substrate of Ade2p (Silver et al. 1969). Suppressed
[PSI +] cells grow in the absence of adenine, and are
white on 1/2YPD. Any condition that affects the sta-
bility or translation efficiency of the mRNA can affect
nonsense suppression and influence color development
or growth in the absence of adenine.

GB1/2 [psi –] colonies are less red than those of strain
642, and [PSI +] colonies of GB1/2 also appeared whiter
than 642 [PSI +] colonies (Fig. 1). These differences
probably reflect increased suppression of ade2-1, which
could be achieved primarily in two ways: by increasing
the frequency of read through of the ochre nonsense
mutation within the ade2-1 gene, or by increasing the
steady-state level of ade2-1 mRNA, increasing the
number of transcripts in which read through may occur.
We quantified translation read through by using reporter
plasmids encoding E. coli b-galactosidase fused to a
6-residue leader peptide containing a tryptophan codon
(UGG) or one of the three stop codons at the fourth
position (Bonetti et al. 1995). To avoid contributions to
nonsense suppression by [PSI +] (Firoozan et al. 1991),
[psi –] cells were used. The frequency of read through of
the UAA codon was higher than that of the other stop
codons in both wild-type and GB1/2 transformants
(Table 2), which was expected because of the presence of
the weak SUQ5 ochre-suppressing tRNA. Read through
of all three stop codons was reproducibly 50% higher in
GB1/2 cells, despite ssb – cells having a much-reduced
number of translating ribosomes compared to wild-type
cells (Nelson et al. 1992). Because SSB expression is
reduced when cells are grown on galactose compared to
glucose (Norbeck et al. 1997), we repeated the experi-
ment using b-estradiol as an indirect inducer of the
GAL1 promoter in the W4 plasmids (Louvion et al.
1993). We saw the same reproducible 50% increase in
read through of nonsense codons (Table 2).

To determine if an effect of Ssbp depletion on mRNA
abundance contributed to this increased nonsense sup-
pression, we measured steady-state levels of lacZ
mRNA in the galactose-induced cells that were used to
quantify read through. GB1/2 cells contained three-fold
more UAA nonsense mRNA and five-fold more UAG
and UGA mRNA compared to wild type cells (Fig. 3A).
Results of RT-PCR analysis of lacZ mRNA qualita-
tively reproduced this difference (data not shown). The
GB1/2 cells also had about twice as much of the UGG
(sense) transcript relative to the actin mRNA control,
suggesting that at least part of the increased abundance

Table 1 Intracellular levels of Gdn-HCl

Strain Temp. Exp. 1 Exp. 2 Exp. 3 Mean (±SD)a

642 30�C 1200 1000 1900 1400±400
642 20�C 1800 1900 2200 2000±170
GB1/2 30�C 8100 7000 12800 9300±2500
GB1/2+p SSB1 30�C nd nd 1200 (1200)

aUptake of 14C-Gdn-HCl by [PSI +] strains 642 (wild type), GB1/2 ( ssb –) and GB1/2 with SSB1on a plasmid (p SSB1). Values represent
disintegrations per min
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of all of the mRNAs in this strain was due to increased
transcription. This elevated abundance may explain the
increased nonsense suppression of lacZ mRNA in GB1/
2 cells.

As a more physiologically relevant assay, we com-
pared the levels of ade2-1mRNA in wild-type and GB1/
2 cells by the more sensitive competitive RT-PCR assay
(see Materials and methods). In contrast to the results
with the highly expressed galactose-induced lacZ
mRNA, we found that the chromosomally expressed
ade2-1 mRNA was about six-fold less abundant in GB1/
2 cells (Fig. 3B).

Discussion

We show here that yeast mutants that lack Ssb proteins
are hypersensitive to the toxic and prion-curing effects
of guanidine. We further show that this hypersensitivity

is due to increased uptake of guanidine by these cells,
which explains all of the guanidine phenotypes associ-
ated with Ssb protein deficiency. In addition, when
wild-type cells were exposed to amounts of guanidine
expected to produce similar intracellular concentrations
as in ssb – cells, similar growth-inhibitory effects were
seen. Moreover, erg6 mutants, which show a level of
guanidine sensitivity intermediate between those of
wild-type and ssb – cells, accumulate an intermediate
amount of intracellular guanidine. Thus, our results
suggest that guanidine toxicity is not due to specific
targeting of processes that involve Ssb proteins. The
basis for guanidine toxicity to yeast remains unknown,
but it is distinct from its prion-curing effect, which is
due to inactivation of the non-essential Hsp104 (Jung
et al. 2002). There is evidence to suggest that guanidine
is a non-specific inhibitor of ATPase activity, and the
collective effects of inhibition of many cellular ATPases
may account for its toxicity (Pfister and Wimmer 1999).

In wild-type cells the intracellular concentration of
guanidine was about twenty-fold higher than that
outside the cells. It is possible that this accumulation is
due to the activity of membrane transporters, and that
ssb – cells accumulated even more guanidine because of
indirect effects on a membrane pumping system or on
membrane integrity. Our finding that single deletions of
all of the predicted membrane transporter class of ABC
proteins did not affect sensitivity to guanidine suggests
that Ssbp depletion does not affect ABC transporter
expression or function. It remains possible, however,
that a simultaneous and cumulative effect of Ssbp de-
pletion on the function of several ABC transporters
underlies the guanidine hypersensitivity, or that Ssbp
depletion indirectly perturbs the function of drug:H+-
antiporters, another class of membrane transporters
implicated in drug resistance. Although we did find
that altered membrane lipid composition resulting from
the erg6 mutation was associated with guanidine hy-
persensitivity, the lipid profiles of wild type and ssb –

cells were essentially identical. Therefore, the increased
guanidine accumulation by ssb – cells is apparently not
due to membrane defects. A plausible alternative would
be that guanidine is being retained by binding to
intracellular targets rather than being actively imported
against a gradient, and that Ssbp depletion somehow
affects this retention. A genomic approach may be the

Fig. 3A, B Relative abundance of nonsense mRNA is affected in
GB1/2 cells. A Northern analysis of total RNA from wild type
(642) and ssb – (GB1/2) cells. The ratio of lacZ mRNA to ACT1
mRNA is indicated. The relative abundance of nonsense mRNA is
indicated as a percentage of UGG mRNA. B RT-PCR analysis of
ade2-1 mRNA. Mixtures of 750 ng of total yeast RNA and
increasing amounts of competitor (comp.) RNA were reverse
transcribed and amplified by PCR. The ratio of PCR products
obtained reflects the ratio of ade2-1 mRNA to competitor mRNA.
The calculated copy numbers of competitor sequence included in
the reactions are indicated

Table 2 Frequency of translational read through of stop codons in [psi–] cells

Inducer Strain Codon at position 4 a

UGG UAG UGA UAA

Galactose 642 100 0.064 0.040 1.27
GB1/2 100 0.11 (1.7) 0.064 (1.6) 1.96 (1.5)

b-estradiol 642 100 0.081 0.071 1.4
GB1/2 100 0.12 (1.5) 0.11 (1.6) 2.17 (1.6)

aRead through was measured as b-galactosidase activity of fusion
proteins expressed from mRNAs with the indicated codon at the
fourth position. The results are expressed as the percentage read

through [= (activity for stop codon ‚ activity for UGG) x 100].
Values in parentheses indicate the relative increase in read through
in strain GB1/2 ( ssb –)
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best way to identify the genes involved guanidine tox-
icity and how Ssbp depletion affects them.

The lag before appearance of [PSI –] cells in guani-
dine-treated cultures was similar for wild type and Ssb
mutant cells, showing that both strains maintain similar
numbers of prion seeds per cell and suggesting that de-
letion of SSB does not affect the process of [PSI +] seed
regeneration. Because wild-type cells accumulate ap-
proximately twice as much guanidine at 20�C as at 30�C,
it might be expected that similar curing kinetics would
be observed when 2 mM at 30�C and 1 mM at 20�C
were used. However, although curing occurs at a com-
parable rate once [psi –] cells begin to appear, the num-
ber of cell divisions required to produce [psi –] cells is
greater in 1 mM guanidine at 20�C. Even though [PSI
+] was somewhat less stable in wild-type cells at 20�C,
this increased lag suggests that wild-type cells had more
[PSI +] seeds at this lower temperature. These incon-
sistencies probably reflect a shift in the balance of the
abundance of different protein chaperones known to
affect [PSI +] stability at the lower temperature. More-
over, although wild-type cells exposed to 2 mM guani-
dine at 30�C and 1 mM guanidine at 20�C accumulated
the compound to similar concentrations intacellularly, at
20�C they were more sensitive to the toxic effect of
guanidine. Reduced growth temperature thus had
pleiotropic effects with respect to both [PSI +] propa-
gation and guanidine toxicity.

The increased read through of nonsense lacZ mRNA
in cells lacking Ssbp is at least partially due to its
increased abundance, which probably resulted from
elevated transcription. Also, the relative steady-state
abundance of nonsense lacZ mRNA in wild-type cells
(15–20% of the sense message) may be considered high
in comparison with those of other mRNAs with early
nonsense mutations, suggesting that the large amounts
of galactose-induced transcripts may strain the capacity
of the nonsense-mediated decay (NMD) pathway to
eliminate nonsense mRNAs. In contrast to lacZ
mRNA, the abundance of the chromosomally expressed
ade2-1nonsense mRNA was lower in ssb – cells, raising
the possibility that altered translation in these cells may
affect NMD processes, or that Ssbp is itself involved in
nonsense-mediated decay. By any scenario, if the color
differences between wild type and ssb – colonies truly
reflect differences in nonsense suppression, then the
effect of Ssbp depletion on SUQ5-mediated read
through of the UAA nonsense codon in the weakly
expressed ade2-1mRNA was greater than that on the
abundant lacZ transcripts. Such differences could arise
from effects related to the nucleotide sequence context of
the nonsense codon in the ade2-1and lacZ mRNAs
(Bonetti et al. 1995; Ruiz-Echevarria et al. 1998).
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