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An intrinsically disordered yeast prion
arrests the cell cycle by sequestering
a spindle pole body component
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ntrinsically disordered proteins play causative roles

in many human diseases. Their overexpression is toxic

in many organisms, but the causes of toxicity are
opaque. In this paper, we exploit yeast technologies
to determine the root of toxicity for one such protein,
the yeast prion Rnql. This protein is profoundly toxic
when overexpressed but only in cells carrying the en-
dogenous Rnql protein in its [RNQ*] prion (amyloid)
conformation. Surprisingly, toxicity was not caused by
general proteotoxic stress. Rather, it involved a highly
specific mitotic arrest mediated by the Mad2 cell cycle

Introduction

Proteins with intrinsically disordered regions (IDRs) are of in-
tense interest, as they are broadly toxic in diverse organisms
when their expression is elevated (Vavouri et al., 2009) and fea-
ture in many protein misfolding diseases (Stefani and Dobson,
2003). Intrinsically disordered proteins often form amyloids,
{3 sheet—rich fibrous structures (Chiti and Dobson, 2006). Amy-
loid formation is associated with many human diseases (Ross
and Poirier, 2005), yet it is no longer thought to be the primary
source of toxicity in most of these diseases (Kayed et al., 2003;
Treusch et al., 2009). Rather, it is the propensity of intrinsically
disordered forms of amyloidogenic proteins to accumulate as
soluble oligomers and amorphous aggregates that enables their
gain-of-function toxicities.

The complex biology of proteins with IDRs has made the
nature of their toxicities difficult to decipher. Their common
gene dosage—related toxicity likely arises from detrimental,
mass action—driven promiscuous protein—protein interactions
(Vavouri et al., 2009). The toxicity of artificial 3 sheet proteins,
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checkpoint. Monopolar spindles accumulated as a result
of defective duplication of the yeast centrosome (spindle
pole body [SPB]). This arose from selective Rnq1-mediated
sequestration of the core SPB component Spc42 in the
insoluble protein deposit (IPOD). Rnql does not nor-
mally participate in spindle pole dynamics, but it does
assemble at the IPOD when aggregated. Our work illus-
trates how the promiscuous interactions of an intrinsically
disordered protein can produce highly specific cellular
toxicities through illicit, yet highly specific, interactions
with the proteome.

for example, seems to result from their interactions with disor-
dered proteins that occupy essential hub positions in cellular
protein networks (Olzscha et al., 2011). However, how a simple
change in the expression of one protein with a naturally oc-
curring IDR might lead to toxicity is poorly understood at the
molecular level.

Yeast prions provide an ideal system for investigating this
problem. Yeast prions encompass diverse proteins, unrelated
except for the presence of IDRs that can stably exist in two states:
a soluble relatively unstructured species or a self-perpetuating
amyloid (Shorter and Lindquist, 2005). These conformational
switches can alter the function of associated globular domains,
changing the cellular phenotype. The self-templating properties
and meiotic transmission of prion assemblies allow them to serve
as cytoplasmically inherited protein-based genetic elements
(Tuite and Cox, 2003; Chien et al., 2004; Shorter and Lindquist,
2005; Halfmann and Lindquist, 2010). Seven yeast prions
have been well characterized (Wickner, 1994; Sondheimer and
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Suppressors of Rnq1 toxicity. (A) Strains expressing genes that suppress Rnq1 toxicity were serially diluted and spotted on a noninducing

control plate and an inducing assay plate. NAM8, which decreases GALI-mediated expression, served as a positive control for the rescue. (B) SDD-AGE
analysis of the effect of overexpression screen hits on Rnq1-YFP amyloid formation. SIST increased the formation of SDS-resistant Rnq1-YFP species; GPG 1
decreased it. Rnq1-YFP expression levels were examined by SDS-PAGE and Western blot analysis. Pgk1 served as a loading control. For both A and B, all

samples were run on one gel, but one lane was removed (black line).

Lindquist, 2000; Du et al., 2008; Alberti et al., 2009; Brown and
Lindquist, 2009; Patel et al., 2009), and ~20 other yeast proteins
contain similar IDRs, prion domains, capable of forming prions
(Alberti et al., 2009).

Rnql contains such a prion domain (Sondheimer and
Lindquist, 2000). The only known biological function of Rnql
is that its prion amyloid state, [RNQ™], facilitates the transition
of other prion proteins from their soluble to their amyloid states
(Derkatch et al., 2000, 2001; Osherovich and Weissman, 2001;
Taneja et al., 2007). (Prions are denoted by brackets, italics, and
capital letters to reflect their dominant, non-Mendelian genetic
properties.) [RNQ*] also affects the conformations of other
IDR-containing proteins, exemplified by its ability to induce the
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glutamine-expanded exon 1 fragment of the human huntingtin
protein to adopt a toxic conformation (Meriin et al., 2002).

In yeast, misfolded proteins accumulate at two distinct
sites, the juxtanuclear quality control compartment (JUNQ) and
the insoluble protein deposit (IPOD; Kaganovich et al., 2008).
The JUNQ contains polyubiquitinated proteins targeted for
proteasomal degradation. The IPOD colocalizes with the pre-
autophagosomal structure at the vacuole and holds amyloido-
genic proteins (Kaganovich et al., 2008; Tyedmers et al., 2010).
[RNQ*] appears to influence the aggregation of other proteins
through its localization to the IPOD (Kaganovich et al., 2008;
Tyedmers et al., 2010). Both the JUNQ and the IPOD share
features with aggresomes—highly structured protein deposits



Table 1. Categories of genes changed twofold or more upon Rnq1 overexpression

Gene expression GO term Cluster frequency Background frequency P-value Genes

Up after 6 h Protein folding 3/8;37.5% 88/7,167; 1.2% 0.00201 HSP104, SIS1, and SSA4

Up after 8 h Protein folding 4/23; 17 .4% 88/7,167; 1.2% 0.01368 HSP26, HSP104, SIST,

and SSA4

Down after 6 h Cytokinesis, completion 4/13; 30.8% 11/7,167; 0.2% 490 x 1078 CTS1, DSE2, DSE4,
of separation and SCWT1

Down after 8 h Cytokinesis, completion 5/27;18.5% 11/7,167;0.2% 1.98x 1078 CTS1, DSE1, DSE2, DSE4,
of separation and SCWT1

Down after 8 h Hexose transport 3/27;11.1% 24/7,167;0.3% 0.00778 HXT3, HXT6, and HXT/

Genes that changed more than twofold in the [RNQ*] strain in comparison with the [rng~] strain were analyzed for gene ontology (GO) term enrichment.

in higher eukaryotes that are actively formed near centrosomes
(Johnston et al., 1998). But neither the JUNQ nor the IPOD
associates with the spindle pole body (SPB; Kaganovich et al.,
2008), and the relationship between them and aggresomes re-
mains to be determined (Mathur et al., 2010).

Overexpression of Rnql is completely benign in cells
whose endogenous Rnql is in the soluble state. But, it is spe-
cifically and extremely toxic to cells in which the endogenous
Rnql protein has adopted the [RNQ*] prion amyloid state
(Douglas et al., 2008). Notably, it is not excessive amyloid
formation that causes toxicity. Rather, Rnql amyloid forma-
tion is protective. Elevated expression of Sisl, the Hsp40 co-
chaperone required for Rnql amyloid formation (Sondheimer
et al., 2001), enhances amyloid formation and concomitantly
restores cell growth. Moreover, Rnql point mutations that de-
crease Sis] interaction both increase toxicity and the formation
of nonamyloid aggregates (Douglas et al., 2008). As for other
proteins with IDRs, how these amorphous nonamyloid aggre-
gates cause toxicity is unknown.

Deletion of RNQI has no detectable effect on cell growth
(Strawn and True, 2006). The fact that loss-of-function pheno-
types are not a concern makes Rnql a facile model for studying
the gain-of-function proteotoxicity caused by the aggregation of
proteins with IDRs. Here, we investigate the molecular mechanism
by which Rnq1 overexpression results in toxicity. Surprisingly, we
find that elevated levels of Rnql cause cell cycle arrest through the
highly specific sequestration of a component of the SPB.

Results and discussion

Overexpression of a diverse group of genes
can suppress Rnqg“1 toxicity

To investigate the nature of Rnql toxicity, we conducted a
genome-wide screen for suppressors. The screening strain carried
Rnql in its [RNQ*] conformation and carried an additional copy
of the RNQ1 gene under the control of a galactose-regulated
promoter. A shift of this strain from glucose to galactose me-
dium rapidly stopped growth. The strain was mated to a strain
library containing 5,532 yeast ORFs under the control of the
same inducible promoter (Cooper et al., 2006; Gitler et al., 2009).
Nine genes suppressed Rnql toxicity without having an effect
on galactose-mediated gene expression: GPGI, HRR25, MSAI,
NSPI, NVJ1, SIS1, SPC29, THI2, and YNL208w (Fig. 1 A and
Table S1). The suppressors were not enriched in functional

categories, except that three are loosely connected to the cell
cycle (HRR25, MSAI, and SPC29).

We used semidenaturing agarose gels (Bagriantsev et al.,
2006; Halfmann and Lindquist, 2008) to determine whether the
suppressors altered Rnql amyloid formation. As reported previ-
ously, Sisl increased Rnql amyloid formation, whereas Gpgl
decreased it (Fig. 1 B; Douglas et al., 2008; Ishiwata et al., 2009).
Other suppressors had no effect on Rnql formation, indicating
that they modulate Rnq1 toxicity by different mechanisms.

Rnqg1 toxicity results in down-regulation

of cytokinetic genes

To further investigate Rnql toxicity, we performed microarray-
based gene expression analysis. As Rnql overexpression is only
toxic in a [RNQ™] background, we compared the effects of Rnql
overexpression in isogenic strains that differed solely in the
conformational status of Rnql.

Only a few genes were differentially expressed in the
[RNQ*] and [rng "] strains (Table S2). Rnql overexpression re-
sulted in the elevated transcription of several chaperones and
stress-related proteins in [RNQ*] cells (Table 1). These included
HSP104, SIS1, and SSA4, which are known to influence yeast
prion amyloid formation. Rnql overexpression did not, however,
trigger a general heat shock response.

GPG]I, one of our screen hits, was also up-regulated, as
was BTN2 (Table S2). Overexpressed Btn2 counteracts the in-
heritance of the [URE3] prion and colocalizes with both Sup35
and Rnql prion deposits (Kryndushkin et al., 2008). Intrigu-
ingly, BTN2 and GPGI expression patterns correlate with those
of chaperones involved in protein folding (BTN2, 7.72 x 10~%)
and with the response to temperature stimulus (GPGI, 7.16 x
10~*; Hibbs et al., 2007). Thus, the up-regulation of both BTN2
and GPGI may represent a previously uncharacterized cellular
response to specific types of proteotoxicity.

While the genes up-regulated because of Rnql toxicity
indicated a response to proteotoxicity, down-regulated tran-
scripts were strongly enriched for genes involved in cytokine-
sis. This enrichment, together with the aforementioned genetic
analysis, suggests that Rnql overexpression might cause a cell
cycle defect (Table 1).

Rnqg1 overexpression causes cell cycle
arrest in mitosis

Indeed, Rnql overexpression for 8 h in the [RNQ*] background
resulted in the accumulation of large-budded cells (Fig. 2 A),
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Figure 2. Rnq1 overexpression induces a MAD2-dependent cell cycle arrest. (A) Rnq1 overexpression in a [RNQ*] background resulted in cell cycle
arrest. Deletion of RAD9, a component of the DNA damage checkpoint, had no effect on the arrest. On the contrary, deletion of MAD2, a component
of the spindle checkpoint, enabled cells to rebud. Arrowheads indicate rebudded cells. Bar, 2.5 ym. (B) Cell cycle profiles revealed that Rnq1 toxicity
coincided with an increase in cells with 2N DNA content beginning at 4 h after induction. In the mad2A samples, the righthand shoulder of the 2N peak
was considerably extended at 6 h (shaded in black), indicating cells that rebudded and initiated DNA synthesis without cytokinesis. OE, overexpression;

WT, wild type.

indicative of a cell cycle arrest (Hardwick, 1998; Nyberg et al.,
2002). To better define the arrest point, we measured DNA con-
tent by flow cytometry. Switching midlog cultures from non-
inducing raffinose to inducing galactose media initially caused a
partial accumulation of cells in G1, as they adjusted to the new
carbon source. Cultures of [rng~] cells then returned to the nor-
mal distribution of IN and 2N cells. [RNQ™] cultures, in con-
trast, became enriched in cells with 2N DNA content, indicating
the accumulation of cells that had replicated their DNA but had
not undergone mitosis (Fig. 2 B and Table S3).

JCB « VOLUME 187 « NUMBER 3 « 2012

A large-budded cell cycle arrest with a 2N DNA con-
tent can be triggered by the DNA damage checkpoint or the
spindle checkpoint. To determine whether either contributed to
the Rnql-induced arrest, we examined cells deleted for either
a critical component of the DNA damage checkpoint, rad9A
(Weinert and Hartwell, 1988), or the spindle checkpoint, mad2A
(Hardwick et al., 1999). Deletion of these genes alone has no
effect on cell cycle progression. The rad9 deletion had no
effect on Rnql-overexpressing cells, but the mad2 deletion in-
creased the number of cells with DNA content higher than 2N
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(Fig. 2 B, black shaded areas), indicating that arrested cells re-
budded and initiated further rounds of DNA synthesis without
cytokinesis. By microscopy, many mad2A cells that had ar-
rested upon Rnql overexpression rebudded (22.4%, SD = 2.7).
In wild-type [RNQ™] cultures, only a few did (8.6%, SD = 2.6).
Thus, Rnql overexpression triggers the spindle checkpoint,
causing cell cycle arrest.

Rnqg1 toxicity results in arrest with

a monopolar spindle

Next, we assessed spindle formation by immunostaining for
tubulin. [rng ] cells overexpressing Rnql displayed the nor-
mal range of spindle morphologies expected for dividing cells
(Fig. 3 A). Of [rng ™ ] cells, 84.7% contained short G1/S spindles,
and 15.3% contained elongated metaphase/anaphase spindles.
In contrast, arrested [RNQ™] cells showed an aster of micro-
tubules proximal to the bud neck (Fig. 3 A), indicative of cells
arrested with a monopolar spindle. Of [RNQ*] cells, 46.1% con-
tained short G1/S spindles, 4.3% had long metaphase/anaphase
spindles, and 49.6% displayed monopolar spindles (2400 cells
were assessed for [rng~] and [RNQ™]).

The SPB is the microtubule organizing center, the bud-
ding yeast equivalent of the centrosome. A monopolar spindle
can be caused by either a defect in SPB duplication or a failure
in SPB separation after duplication. Duplication occurs early in
the cell cycle, but defects in duplication or separation are not
detected until the absence of a functional bipolar spindle trig-
gers the spindle checkpoint (Jaspersen and Winey, 2004).

We used electron microscopy to determine whether cells
arresting with monopolar spindles had a failure in SPB duplica-
tion or separation. Samples were prepared using cryofixation by
high pressure freezing followed by freeze substitution to accu-
rately preserve the shape and position of the SPBs (Muller et al.,
2005). [rng~] cells overexpressing Rnq1 had normal elongated
spindles (Fig. 3 B). In contrast, [RNQ*] cells contained micro-
tubule asters that originated from a single unduplicated SPB
(Fig. 3 B). We examined serial thin sections of 20 arrested cells
and detected no incomplete or aberrant SPBs. The morpholo-
gies of the unduplicated SPBs were similar to those previously
observed with temperature-sensitive mutants of SPB components
(Fig. 3 C; Donaldson and Kilmartin, 1996). Thus, in [RNQ™] cells,
overexpressed Rnql specifically impedes duplication of the SPB.

Rnqg1 overexpression causes

mislocalization of Spc42

Does the defect in SPB duplication arise from aggregated forms
of Rnql localizing to the SPB and sterically impeding its dupli-
cation? Or, might this intrinsically disordered prion selectively
sequester SPB components required for duplication? Architec-
turally, the SPB consists of three plaques: an outer plaque facing
the cytoplasm, a central plaque spanning the nuclear membrane,
and an inner plaque facing the nucleoplasm (Jaspersen and Winey,
2004). We examined the colocalization of SPB components
belonging to each of these structural elements with Rnql. We
used strains carrying an mCherry-tagged Rnql construct and
endogenous SPB components tagged with GFP (Howson et al.,
2005). We used the SPB components Cnm67, Nud1, and Spc72

(outer plaque); Spc97 (inner and outer); Spc110 (inner plaque); and
Spc29 and Spc4?2 (central plaque; Jaspersen and Winey, 2004).

In [rng ] cells that overexpressed Rnql, all these proteins
localized to two bright foci in budded cells, representing the
properly duplicated SPBs. In contrast, in arrested [RNQ*] cells,
most of the SPB components localized to a single focus, the un-
duplicated SPB (Fig. 4 A, Spc29, Spc42, Spc72, and Spc97 are
shown). Uniquely, Spc42 localized both to the unduplicated
SPB and to a fainter deposit within the mother cell. Notably,
these faint deposits colocalized with the inclusions formed by
Rnql at the IPOD (Fig. 4 A).

Spc42 is a highly phosphorylated coiled-coil protein that
is assembled into a crystal-like structure at the core of the SPB
(Bullitt et al., 1997). Interestingly, the macrostructure of Spc42
is reminiscent of the highly organized structure of amyloid
fibers. Hence, we asked whether the interaction of Rnql and
Spc42 is based on an amyloid interaction. To do so, we took
advantage of the Rnql L94A mutant, which can induce toxic-
ity in the absence of the [RNQ*] prion and amyloid formation
(Douglas et al., 2008). This mutant induced cell cycle arrest and
Spc42 mislocalization even in an [rng~ | background (Fig. 4 C).
Hence, it is the nonamyloid assemblies of this IDR-containing
protein that cause cytotoxicity by sequestering Spc42.

Elevated expression of Spcd42 suppresses
Rnqg1 toxicity

If sequestration of Spc42 is the root cause of Rnql toxicity,
elevated expression of Spc42 should counteract Rnql toxic-
ity. Notably, SPC42 was not part of the library used in our ini-
tial screen. Furthermore, expression of Spc42 from the strong
GALI promoter is itself toxic (Donaldson and Kilmartin, 1996).
We therefore placed SPC42 and other SBP components under
the control of the constitutive SUP35 promoter to provide more
moderate overexpression. SPB components Spc72 and Spc97
had no effect, but expression of Spc42 strongly suppressed tox-
icity (Fig. 4). In addition, the screen hit Spc29 had a modest
effect. Spc29 directly interacts with Spc42 and is thought to
recruit Spc42 during SPB duplication (Adams and Kilmartin,
1999; Elliott et al., 1999). Spc29 overexpression likely counter-
acts the ability of Rnql to misdirect Spc42 by interacting with
it at its proper localization.

The mislocalization of Spc42 elicited by Rnql over-
expression provides a logical explanation for the Rnql-induced
defect in SPB duplication and the activation of the Mad2 spindle
checkpoint. Indeed, the morphologies of the unduplicated SPBs
in Rnql-arrested cells were similar to those seen in cells with
SPC42 mutations (Fig. 3 C; Donaldson and Kilmartin, 1996).

Conclusions

We have taken advantage of a variety of cell biological and ge-
netic tools available in Saccharomyces cerevisiae to investigate
the toxicity elicited by a protein containing an IDR, the prion
Rnql. Rnql overexpression is profoundly toxic in cells carry-
ing the [RNQ™] prion but not in cells with Rnq1 in its nonprion
state (Douglas et al., 2008). Furthermore, Rnql is completely
dispensable for normal growth (Strawn and True, 2006). Thus,
Rnq! affords the opportunity to analyze the toxic gain-of-function
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Figure 3. Rnq1 toxicity results in arrest with a monopolar spindle. (A) Tubulin immunostaining of cells overexpressing Rnq1 revealed that [RNQ*] cells
arrested with a monopolar spindle. (B) Electron microscopy of cryofixed yeast showed that [RNQ] cells arrested with an unduplicated SPB. Arrowheads
indicate SPBs. (C) The unduplicated SPBs in arrested [RNQ*] cells exhibited a range of abnormal morphologies. The SPBs lacked solid central plaques
and often had reduced outer plaques (1 and 2). Some arrested SPBs presented with long half-bridges (3, half-bridge indicated by the arrowhead) or had
a bilobed morphology (4). OF, overexpression. Bars: (A) 5 pm; (B, left) 500 nm; (B [right] and C) 100 nm.
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Figure 4. Rnql overexpression induces mislocalization of
Spc42 to inclusions. (A) Rnql toxicity resulted in faint Spc42-
GFP inclusions that colocalized with Rnq1-mCherry deposits
(arrowheads). Other spindle body components did not colocal-
ize with Rnq1. (B) In contrast to Rnq1 wild type (WT), the Rnq1
L94A mutant is toxic and forms nonamyloid aggregates in [rng~]
cells. The Rng1 L94A mutant caused Spc42 mislocalization and
cell cycle arrest in both [rng”] and [RNQ*] cells, indicating
that the interaction of Rnq1 and Spc42 is not amyloid based.
(C) Moderate overexpression of Spc42 strongly suppressed
Rnq1 foxicity. Spc72 and Spc?7 had no effect. Spc29, an over-
expression (OE) screen hit, partially suppressed toxicity. DIC,
difference interference contrast. Bars, 5 pm.
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Figure 5. Model of Rnq1 toxicity. As an intrinsically disordered protein, Rnq1 transitions between folded, unfolded, and misfolded protein conformations.
In the presence of [RNQ?] prion seeds, Rnq1 adopts the templated amyloid conformation. Overexpression (OE) of Rnq1 exceeding the capacity for amyloid
formation results in the formation of nonamyloid aggregates capable of sequestering Spc42 away from its proper localization at the SPB.

interactions of an amyloidogenic protein without the loss-of-
function toxicities that confound the study of other such
proteins. Partial induction of the heat shock response by Rnql
overexpression initially pointed to a general proteotoxic stress.
But, further analysis established that the root cause of toxicity
was the highly selective, Rnql-mediated sequestration of the
SPB protein Spc42 (Fig. 5). Rnql overexpression hence resulted
in defective SPB duplication and cell cycle arrest. Moderate over-
expression of Spc42 counteracted the defect induced by Rnql.
The effect of Rnql on Spc42 is surprisingly specific. Dis-
ordered and amyloidogenic proteins have been shown to aber-
rantly interact with and to sequester other proteins. Intrinsically
disordered proteins are likely to be toxic because of their pro-
pensity to interact promiscuously with other proteins (Vavouri
et al., 2009) and, as such, to disturb cellular protein networks
(Olzscha et al., 2011). For example, the toxicity of polyglutamine-
expanded huntingtin (the cause of Huntington’s disease) has
been linked to its interactions with the transcriptional coactivator

JCB « VOLUME 187 « NUMBER 3 » 2012

CREB-binding protein and glyeraldehyde-3-phosphate dehy-
drogenase (Nucifora et al., 2001; Wu et al., 2007). Our work es-
tablishes that there are multiple ways to detoxify proteins with
IDRs. As increased levels of Spc42 counteracted the effects of
Rnql-mediated sequestration, alleviating the effect of specific
illicit protein interactions can ameliorate toxicity. Furthermore,
either decreasing aggregation or increasing amyloid formation
can detoxify IDRs. Gpgl and Sis1 detoxify Rnql by these op-
posing mechanisms. Similarly, both decreasing and increasing
amyloid formation can alleviate A 1-42 toxicity in Caenorhab-
ditis elegans (Cohen et al., 2000).

The formation of ordered inclusions appears to represent
the last line in the cellular defense against proteotoxicity. Inclu-
sions, such as aggresomes, form once proteasomal capacity has
been exceeded (Johnston et al., 1998; Kaganovich et al., 2008).
Aggresomes are actively formed near centrosomes (Johnston
et al., 1998). Inclusion body formation serves to “sweep” the
cytoplasm of potentially toxic protein species (Kopito, 2000)



and may facilitate the asymmetric inheritance of protein damage
during cell division (Rujano et al., 2006; Fuentealba et al., 2008).

In yeast, misfolded proteins accumulate at two distinct
sites, the JUNQ and the IPOD (Kaganovich et al., 2008). Espe-
cially, the IPOD has been likened to aggresomes, as the actin
cytoskeleton mediates targeting to this structure (Ganusova
et al., 2006) and as it plays a role in the asymmetric inheritance
of aggregated proteins (Kryndushkin et al., 2008; Tyedmers
etal., 2010). Yet, aggresomes form near centrosomes. Although
a fragment of mutant huntingtin exon 1, 103QP, can colocalize
with the yeast SPB and form an aggresome-like structure (Wang
et al., 2009), no link between the IPOD and the SPB has been
reported (Mathur et al., 2010). Rnql affects targeting of amy-
loidogenic and damaged proteins to the IPOD (Derkatch et al.,
2000; Tyedmers et al., 2010), and we show that Rnql can also
direct a core SPB component to this site. Our findings demon-
strate that overexpression of a protein with an IDR can result in
highly specific cellular toxicity. They also uncover a novel con-
nection between centrosome-associated aggresomes and their
apparent yeast equivalent, the IPOD.

Materials and methods

Strains and plasmids

W303 (MAT a and « can1-100, ade2-1, his3-11,15 leu2-3,112, ura3-1,
trp1-1) and BY4741 (MAT a his3A1, leu2A0, met15A0, ura3A0) as well
as strains from the GFP library (Howson et al., 2005) and strains from the
deletion collection (Winzeler et al., 1999) were used. The strains harbored
Rngl in its [RNQ*] form, and isogenic [rng~] strains were generated using
guanidinium-HCl curing (Eaglestone et al., 2000). Plasmids with the GAL1
promoter include pRS305-RNQI, pRS305-RNQI-YFP, pRS416-RNQIT
(wild type and L94A), pRS416-RNQ1-YFP, pRS426-RNQI1-YFP, pAG416-
RNQ1-mCherry, and pBYO11 (centromeric, URA3, and ampicillin resis-
tant) overexpression library constructs (Cooper et al., 2006). Plasmids that
used the SUP35 promoter include pAG415 constructs containing SPC29,
SPC42, SPC72, and SPC97.

Overexpression library screen for suppressors of Rnq1 toxicity

The overexpression library screened contains ~5,800 fulllength sequence
verified yeast ORFs in the galactose-inducible Gateway expression plas-
mid pBYO11 (Cooper et al., 2006). The library was first transformed into
a BY strain to create a library of yeast strains carrying the inducible over-
expression constructs. We then mated a W303 strain carrying an infe-
grated pRS305-RNQ1 construct to the library and selected for diploids.
Their growth was examined on galactose plates inducing both the expres-
sion of the library clone and Rnq 1. 62 putative suppressors were identified
after 3-4 d of growth at 30°C. The effects of 20 of these suppressors were
reproduced in the diploid screening and a haploid W303 strain. We elimi-
nated hits that diminished GALT induction by measuring the expression of
YFP in their presence using flow cytometry. The identity of suppressors was
verified by sequencing.

Semidenaturing detergent agarose gel electrophoresis (SDD-AGE)

Rnql assembly into SDS-resistant [RNQ*] prions was monitored by SDD-
AGE as previously described (Halfmann and Lindquist, 2008). Cells were
lysed in buffer containing 50 mM Hepes, pH 7.5, 150 mM NaCl, 2.5 mM
EDTA, 1% Triton X-100, 30 mM N-ethylmaleimide, T mM PMSF, and a pro-
tease inhibitor cocktail (Roche) using glass beads. Lysates were spun clear
of debris and mixed with 2x sample buffer (TAE [Tris base, acetic acid,
and EDTA], 10% glycerol, 2% SDS, and bromophenol blue). Samples were
run on a 1.5% agarose gel containing TAE and 0.1% SDS in running buffer
with the same concentrations of TAE and SDS. The gel was blotted onto
Hybond-C membrane and then probed with a-GFP. Bands were visualized
with ECL reagent.

Gene expression analysis
RNA was isolated from cultures induced for 4, 6, and 8 h according to Schmitt
et al. (1990). RNA was labeled and hybridized to S. cerevisiae-specific

microarrays (Agilent Technologies). Genes that showed at least a twofold
change in expression with a P < 0.05 are reported.

Cell cycle profiling

Freshly streaked cells were grown overnight at 30°C in synthetic media
lacking uracil and containing 2% raffinose. Cells were diluted to an ODsoo
of 0.2 and grown for an additional 3 h in the raffinose media. Cells were
then washed, and Rnql expression was induced for the indicated time
intervals in media lacking uracil and containing 2% galactose. After induc-
tion, cells were spun down in 15-ml screw cap tubes and resuspended in
3 ml of distilled H,O. Cells were then prepared for DNA content analysis
as previously described (Haase and Lew, 1997). The cells were fixed
through the addition of 7 ml of 95% EtOH and overnight incubation at
4°C while rotating. After fixation, cells were spun down and resuspended
in 5 ml of 50-mM sodium citrate, pH 7.4. Cells were spun down again,
resuspended in 1 ml of 50-mM sodium citrate containing 0.25 mg/ml
of boiled RNase A (QIAGEN), and incubated at 50°C for 1 h. 50 pl of
20-mg/ml proteinase K (Invitrogen) was added before an additional 1-h
incubation at 50°C. After this incubation, 1 ml of 50-mM sodium citrate
containing 16 pg/ml propidium iodide was added before cells were incu-
bated overnight at 4°C. DNA content of these cells was measured using
a flow cytometer (Calibur II; BD), and the resulting data were analyzed
using FlowJo software.

Immunostaining
Strains were pregrown in raffinose media overnight and then induced in
galactose media for 8 h (5 ml at an ODgq of 0.2). Cells were prepared
for staining as previously described (Kilmartin and Adams, 1984). Cells were
spun down and resuspended in 1 ml of 3.7% formaldehyde (37% formal-
dehyde in 0.1 M KPi [potassium phosphate buffer], pH 6.4) after removal
of the supernatant. Cells were fixed overnight at 4°C. After the fixation,
cells were washed three times in 1 ml of 0.1-M KPi, pH 6.4, and then
resuspended in 1 ml of 1.2-M sorbitol citrate buffer (1 liter: 218.6 g
sorbitol, 17.40 g anhydrous K,HPOy, and 7 g citric acid; filter sterilized).
Cells were spun down again and resuspended in 200 pl of digestion mix
(200 pl of 1.2-M sorbitol citrate, 20 pl Glusulase, and 2 pl of 10-mg/ml
Zymolase). Cells were incubated in the digestion mix for 45 min at 30°C.
During the incubation, 5 pl of 0.1% polylysine was added to each well of
a 30-well slide (ER-212W; Thermo Fisher Scientific). After 5 min of incuba-
tion, the slides were washed with distilled water and allowed to air dry
completely. Digested cells were spun down at 3,000 rpm for 3 min and
gently resuspended in 1 ml sorbitol citrate. Cells were spun down again
and then resuspended in a volume of sorbitol citrate dependent on cell
pellet size (15-50 pl). 5 pl cells was added to each well and incubated
for 10 min. Cells were removed from the side of the well using a vacuum
tip. If the cell density was low, as revealed by light microscopy, more
cells were added. The slides were then incubated in ice-cold methanol for
3 min followed by 10 s in ice-cold acetone. Acetone was shaken off, and
slides were air dried. 4 pl of a 1:200 antitubulin antibody (gift from
A. Hochwagen, New York University, New York, NY) in PBS/BSA (1%
BSA, 0.04 M K,HPO,, 0.01 M KH,PO,, 0.15 M NaCl, 0.1% NaNs; for
100 ml: 1 g BSA, 4 ml of 1-M K,HPOy, 1 ml of 1-M KH,POy, 15 ml of 1-M
NaCl, 1 ml of 10% NaN3, and sterilized water to 100 ml) was added to
each well. Slides were incubated overnight at room temperature in a wet
chamber. After the incubation, the antibody was removed using a vacuum
tip, and each well was washed three times with PBS/BSA. Then, 4 pl of
the secondary antibody, 1:100 anti-mouse FITC, was added fo each well
and incubated for 2 h. Subsequently, each well was washed four times with
PBS/BSA. 1 pl DAPI mounting medium obtained from Vector Laboratories
was added to each well before adding the coverslip and sealing the slide
with nail polish.

Images were taken at room temperature on a microscope (Axiovert
200 M; Carl Zeiss) using a Plan Apochromat 100x objective (numerical
aperture of 1.4), a camera (AxioCam MRm; Carl Zeiss), and the Axiovision
acquisition software (Carl Zeiss). Final images were assembled from the
different channels (GFP and DAPI) in Photoshop (Adobe). Brightness and
contrast were adjusted equally for all images.

Electron microscopy

Yeast cultures were prepared for electron microscopy as described previ-
ously (Giddings et al., 2001). In brief, 5-10-ml aliquots of yeast cultures
were collected by vacuum filtration and cryofixed by high pressure freezing
in a high pressure freezer (HPM 010; Bal-Tec). Samples were then freeze
substituted in either 0.25% glutaraldehyde and 0.1% uranyl acetate in ace-
tone before embedding in an embedding kit (HM20; Lowicryl) or in 2%
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osmium tefroxide and 0.1% uranyl acefate in acetone for embedding in
Epon-Araldite resin. Serial thin sections were poststained in uranyl acetate
and lead citrate and imaged in a transmission electron microscope (CM10

or CM100; Philips).

Fluorescence microscopy

Cells were pregrown in raffinose media and then induced in galactose
media for 8 h. The effect of Rnq1 on the localization of Spc42-GFP, as
well as other SPB components, was tested in GFP library strains (Howson
et al., 2005). Colocalization of Rng1-mCherry with SPB components was
examined in the same fashion. Microscopy was conducted as described
under Immunostaining.

Rescue of Rnq1 toxicity by Spc42

Spc4?2 rescue was assayed using BY Spc42-GFP strains harboring pRS416-
RNQT and SPB components on a SUP35 promoter—controlled pAG415
plasmid. We observed similar rescue of Rnql toxicity by Spc29 and
Spc42 in the BY and W303 backgrounds. Strains were grown overnight in
media containing 2% glucose before fivefold serial dilutions were spotted
on plates containing either 2% galactose or glucose. Plates were incubated
for 2-3 d at 30°C and then photographed.

Online supplemental material

Table S1 lists the overexpression suppressors of Rnq1 toxicity and their
functional annotations. Table S2 contains all the genes up- or down-
regulated at least twofold upon Rnql toxicity. Table S3 contains the
quantification of the cell cycle profile data presented in Fig. 2 B. Online sup-
plemental material is available at http://www.jcb.org/cgi/content/full /
icb.201108146/DC1.
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