The RNA exosome affects iron response and sensitivity
to oxidative stress
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ABSTRACT

RNA degradation plays important roles for maintaining temporal control and fidelity of gene expression, as well as processing of
transcripts. In Saccharomyces cerevisiae the RNA exosome is a major 3'-to-5" exoribonuclease and also has an endonuclease
domain of unknown function. Here we report a physiological role for the exosome in response to a stimulus. We show that
inactivating the exoribonuclease active site of Rrp44 up-regulates the iron uptake regulon. This up-regulation is caused by
increased levels of reactive oxygen species (ROS) in the mutant. Elevated ROS also causes hypersensitivity to HO,, which can be
reduced by the addition of iron to H,O, stressed cells. Finally, we show that the previously characterized slow growth phenotype
of rrp44-exo~ is largely ameliorated during fermentative growth. While the molecular functions of Rrp44 and the RNA exosome
have been extensively characterized, our studies characterize how this molecular function affects the physiology of the organism.
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INTRODUCTION

The exosome is a major exoribonuclease found in eukaryotes
and archaea (Mitchell et al. 1997; Allmang et al. 1999b;
Chekanova et al. 2002; Evguenieva-Hackenberg et al. 2003).
In eukaryotes, including Saccharomyces cerevisiae, the exo-
some is a complex of 10 essential proteins, which in addition
to its exonuclease activity also has an endonuclease activity
(Lebreton et al. 2008; Schaeffer et al. 2009; Schneider et al.
2009). These catalytic activities are carried out by separate
domains of the Rrp44 protein. The exosome is known to
be located both in the nucleus and in the cytoplasm. In the
nucleus it takes part of 3" processing of the 5.85 rRNA,
snoRNAs, snRNAs, and some mRNAs (Mitchell et al. 1996;
Allmang et al. 1999a; van Hoof et al. 2000). It also degrades
the 5" external transcribed spacer (ETS) of rRNA, mispro-
cessed RNAs such as hypomodified tRNA, and cryptic unsta-
ble transcripts (CUTs) (Kadaba et al. 2004; Milligan et al.
2008). In the cytoplasm, the exosome takes part in the deg-
radation of normal, as well as aberrant, mRNAs (Jacobs
Anderson and Parker 1998; van Hoof et al. 2002; Meaux
and van Hoof 2006). Most of the activities of the exosome
require the exoribonuclease activity of Rrp44, while the func-
tion of its endonuclease activity is enigmatic (Lebreton et al.
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2008; Schaeffer et al. 2009; Schneider et al. 2009; Schaeffer
and van Hoof 2011).

Studies of Rrp44’s physiological function are limited.
Rrp44 was shown to affect chromosome segregation, cell cycle
progressions, and microtubules in Schizosaccharomyces pombe
and S. cerevisiae (Murakami et al. 2007; Smith et al. 2011).
Rrp44 has also been found to alter the circadian rhythm in
Neusporra crassa (Guo et al. 2009). How any of these effects
are related to the catalytic activities of Rrp44 is unknown. In
addition to studies on Rrp44, it has been shown that the exo-
some components Rrp4 and Rrp41 have specific roles during
early development of Arabidopsis thaliana (Chekanova et al.
2007). Here we characterize the effect of the catalytic activities
of the exosome on the physiology of S. cerevisiae and find ef-
fects related to reactive oxygen species (ROS), iron uptake,
and carbon utilization.

Iron is an essential element that functions in cellular me-
tabolism because of its ability to be easily converted between
oxidized and reduced forms, thus being a readily available
electron donor or recipient. It is critical to maintain the pre-
cise balance of iron concentration inside the cell. Insufficient
iron will adversely affect cellular metabolism since iron is a
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cofactor in many enzymatic reactions. Conversely, too much
free iron is toxic to the cell because it takes part in the forma-
tion of damaging hydroxyl radical species through the Fenton
reaction and leads to oxidative stress. Oxidative stress in turn
has been known to damage all cellular components, including
lipids, DNA, RNA, and proteins and in humans is related to
several diseases, including neurodegenerative diseases such
as ALS; Alzheimer’s, Huntington’s, and Parkinson’s disease;
and plaque formation in the arteries. It is also a contributing
factor in the aging process (Trushina and McMurray 2007;
Brieger et al. 2012; Chen and Keaney 2012; Gomez-Cabrera
etal. 2012).

When yeast senses that its iron level is insufficient, it up-
regulates the master regulator of iron response, Aftl, which
then binds to the promoter of genes required for iron uptake
and induces their transcription (Crisp et al. 2003; Rutherford
et al. 2005). The exact signal that is sensed and transduced
to Aftl is unknown, but it results in relocalization of Aftl.
Under iron replete conditions. Aftl localizes to the cyto-
plasm, while activation of Aftl causes its relocalization to
the nucleus (Yamaguchi-Iwai et al. 1996, 2002).

As mentioned above, inappropriately high iron level causes
production of ROS. Under normal iron levels, respiration is
the major contributor to ROS production by electrons leak-
ing from the electron transport chain (Herrero et al. 2008).
During growth on glucose, S. cerevisiae suppresses the genes
for respiration and grows by fermentation. When glucose is
no longer available, it switches to respiration and oxidizes
the remaining nonfermentable carbon source.

Here we show that inactivation of the exoribonuclease ac-
tivity of the exosome results in the reduced ability of the cell
to resist oxidative stress and up-regulates the iron uptake
response. Moreover, we show that these effects and the signif-
icant growth defect of this strain are present during fermen-
tative growth but not during respiratory growth. Overall,
these results demonstrate that the molecular function of
the exosome affects the physiology of the organism.

RESULTS AND DISCUSSION

Activation of the iron-starvation response is a major
physiological consequence of a defect in Rrp44
exonuclease activity

We used microarray analysis to characterize the physiological
effects of inactivating either the endoribonuclease or the
exoribonuclease activity of the exosome. Specifically, we iso-
lated polyadenylated RNA from quadruplicate cultures of
wild type and two rrp44 mutants that have previously been
characterized. The rrp44-exo”mutation changes Asp551 of
the exonuclease active site to Asn, disrupts the exonuclease
activity, and results in many RNA processing and degradation
defects (Dziembowski et al. 2007). Importantly, although the
exonuclease acts in mRNA decay, it only degrades mRNAs af-
ter deadenylation (Decker and Parker 1993; Jacobs Anderson
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and Parker 1998; Tucker et al. 2001). Therefore, direct
mRNA targets of the exonuclease activity should accumulate
in the deadenylated form and not be identified by microarray
analysis of poly(A)*" RNA. Instead this analysis should reveal
the physiological consequences of the rrp44-exo™ mutation.
The other mutation analyzed, rrp44-endo”, changes Aspl171
of the endonuclease active site to Ala and disrupts the endo-
nuclease activity but has no significant effect on known RNA
processing and degradation roles of the exosome (Lebreton
et al. 2008; Schaeffer et al. 2009; Schneider et al. 2009).

In our analysis we focused on mRNAs that were up-regu-
lated at least twofold in at least three of the four biological rep-
licates. We were surprised that even though the rrp44-exo™
mutation has a large effect on cell growth, the effects on
gene expression were relatively modest, with 73 mRNAs up-
regulated and 63 down-regulated (Table 1; Supplemental Ta-
ble S1). We found no mRNAs that were affected by the rrp44-
endo” mutation. Because the rrp44-endo™ mutation has no
measurable effect on growth or gene expression, it does not
appear to perturb the cell even though the endoribonuclease
active site is conserved in most if not all eukaryotes, and the
activity has been shown to be conserved for the human ortho-
log hDIS3 (Tomecki et al. 2010). In addition to these mRNA
targets, the rrp44-exo” microarray detected an increased
level of polyadenylated ribosomal RNAs, which reflects the
known role of the exosome in degradation of polyadenylated
aberrant rRNAs (Kuai et al. 2004) and serves as a control to
confirm the validity of the microarray approach.

We used gene ontology to analyze whether the mRNAs af-
fected by the rrp44-exo™ mutation were enriched in specific
categories. All of the top gene ontology terms were related
to iron uptake, including “iron chelate transport” (P =7 x
10™'") and “iron ion homeostasis” (P =1x107°), and 16%
of the mRNAs that were up-regulated were annotated with
one or more gene ontology terms related to iron uptake
(Table 1). To verify that the rrp44-exo™ mutation indeed af-
fected iron-starvation response genes, we isolated RNA
from a second independently constructed rrp44-exo™ mutant
strain and analyzed it by Northern blotting with probes for the
FIT2 and CTH2/TIS11 mRNAs. As shown in Figure 1A, ex-
pression of both genes was also induced in this rrp44-exo™
strain. Therefore, we conclude that a major physiological con-
sequence of the rrp44-exo™ mutant is the up-regulation of the
iron-starvation response.

The increased abundance of iron uptake-related mRNAs in
an RNase mutant could be because that RNase directly de-
grades these mRNAs or because expression of a common reg-
ulator is affected by the RNase. The transcription factor Aftl is
a major contributor to the iron-starvation response and is
known to bind to ANTGCACCC (Yamaguchi-Iwai et al.
1996; Zhu et al. 2009). We therefore searched the 6623 inter-
genic regions of the yeast genome for ANTGCACCC and
found 59 occurrences in 52 different intergenic regions.
These elements were highly enriched in the intergenic regions
just upstream of genes affected by rrp44-exo™. Specifically,
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TABLE 1. Genes up at least twofold in three of four microarrays for rrp44-exo™

Perfect match

Gene Foldup in  Example iron- for
name ORF rrp44-exo~  related GO-term  ANTGCACCC Description
FIT2 YOR382W 7.7 Iron chelate 4 Siderophore-iron transporter
transport
FIT3 YOR383C 5.5 Iron chelate Siderophore-iron transporter
transport
TIST1 YLR136C 5.5 Iron ion 1 mRNA-binding protein expressed during iron starvation
homeostasis
ECM12 YHRO2TW-A 5.3 Nonessential protein of unknown function
PRM6 YML047C 5.1 Pheromone-regulated protein; predicted to have two
transmembrane segments
SIT1 YELO65W 4.7 Iron chelate 1 Ferrioxamine B transporter
transport
YALO64W 4.1 1 Hypothetical protein
FIG1 YBRO40W 4.0 Integral membrane; may participate in low affinity
Ca** influx
AGA2 YGL032C 3.9 Adhesion subunit of a-agglutinin of a-cells
DIP5 YPL265W 3.9 Dicarboxylic amino acid permease
GRET1 YPL223C 3.9 Hydrophilin of unknown function; stress induced
ARNT YHL040C 3.8 Iron chelate 1 Siderophore-iron transporter
transport
HMX1 YLR205C 3.7 Iron ion Heme-binding peroxidase involved in the degradation
homeostasis of heme
NRD1 YNL251C 3.7 RNA-binding protein for 3" end maturation of
nonpolyadenylated RNAs
SET6 YPL165C 3.5 Protein of unknown function
ARP10 YDR106W 3.4 Actin-related protein
YOL162W 3.4 Member of the Dal5p subfamily of the major facilitator
family
PDH1 YPR0O02W 3.3 Mitochondrial protein that participates in respiration
GAT4 YIRO13C 3.2 Protein containing GATA family zinc finger motifs
PRM5 YIL117C 3.2 Pheromone-regulated protein
HUGT YMLO58W-A 3.2 Protein involved in the Mec1p-mediated checkpoint
VMR1 YHLO35C 3.1 1 Member of the ATP-binding cassette (ABC) family; potential
Cdc28p substrate
ARN2 YHL047C 3.1 Iron chelate 1 Siderophore-iron transporter
transport
MAL33 YBR297W 3.1 MAL-activator protein
FRE2 YKL220C 3.1 Iron ion 1 Ferric reductase and cupric reductase
transport
PRM2 YIL037C 3.0 Pheromone-regulated protein
TAD2 YJLO35C 3.0 tRNA-specific adenosine-34 deaminase
IMD1 YARO73W 3.0 Nonfunctional protein with homology to IMP dehydrogenase
HES1 YOR237W 3.0 Regulation of ergosterol biosynthesis
TIR4 YORO0O09W 3.0 Cell wall mannoprotein
ALP1 YNL270C 2.9 Basic amino acid transporter
NCA3 YJL116C 2.9 Regulates expression of subunits 6 (Atp6p) and 8 (Atp8p) of
the Fo-F1 ATP synthase
YOL163W 2.9 Member of the Dal5p subfamily of the major facilitator
family
COS12 YGL263W 2.9 Protein of unknown function
MIG2 YGL209W 2.9 Transcription factor involved in glucose repression
INO1 YJL153C 2.8 Inositol 1-phosphate synthase
CINT YOR349W 2.8 Tubulin folding factor
RKM5 YLR137W 2.8 Protein lysine methyltransferase
FUS2 YMR232W 2.7 Required for nuclear fusion during mating
FYV5 YCL058C 2.7 Involved in ion homeostasis
MND1 YGL183C 2.7 Protein required for recombination and meiotic nuclear
division
MFA1 YDR461W 2.7 Mating pheromone a-factor

(continued)
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TABLE 1. Continued

Perfect match

Gene Fold up in  Example iron-
name ORF rrp44-exo”  related GO-term  ANTGCACCC Description
YLR108C 2.7 Hypothetical protein
AYT1 YLLO63C 2.7 Acetyltransferase
ZPS1 YOL154W 2.7 GPl-anchored protein induced under low-zinc conditions
FLO1 YARO50W 2.7 Lectin-like protein involved in flocculation
FET3 YMRO58W 2.6 Iron ion Ferro-O,-oxidoreductase
homeostasis
ARG82 YDR173C 2.6 Transcription factor for Arg biosynthesis
YNL024C 2.6 S-adenosylmethionine-dependent methyltransferase
PRM1 YNL279W 2.5 Protein involved in membrane fusion during mating
MIG3 YER028C 2.5 Transcriptional repressor involved in response to toxic agents
such as hydroxyurea
ENB1 YOL158C 2.4 Iron chelate Endosomal ferric enterobactin transporter
transport
AAD14 YNL331C 2.4 Aryl-alcohol dehydrogenase
RRN3 YKL125W 2.4 Transcription of rDNA by RNA polymerase
SPS1 YDR523C 2.4 Protein serine/threonine kinase expressed at the end
of meiosis
CCC2 YDR270W 2.4 Iron ion Cu?*-transporting P-type ATPase
homeostasis
SNO1 YMR095C 2.4 Protein of unconfirmed function
YILOB9W 2.3 Hypothetical protein
DAN3 YBR301TW 2.3 Cell wall mannoprotein
YBR284W 2.3 Hypothetical protein
MTC3 YGL226W 2.3 Hypothetical protein
PCK1 YKRO97W 2.3 Phosphoenolpyruvate carboxykinasein the cytosol
THIT3 YDL244W 2.2 thiamine synthesis
LEE1 YPLO54W 2.2 Zinc-finger protein of unknown function
CUE2 YKLO9OW 2.2 Protein of unknown function
FRE3 YOR381W 2.2 Iron chelate Ferric reductase
transport
ATG10 YLLO42C 2.1 E2-like conjugating enzyme
HXT9 YJL219W 2.1 Putative hexose transporter
AIM4 YBR194W 2.1 Protein proposed to be associated with the nuclear pore
complex
IDH1 YNLO37C 2.1 Mitochondrial NAD(+)-dependent isocitrate dehydrogenase
SHU2 YDR078C 2.1 Protein of unassigned function involved in mutation
suppression
KAR4 YCLO55W 2.1 Transcription factor required for induction of KAR3 and CIK1
during mating
SRD1 YCRO18C 2.0 Processing of pre-rRNA to mature rRNA

25% of the elements were found in the intergenic regions just
upstream of the 73 genes in our data set, including four ele-
ments upstream of the most affected gene (FIT2) (Table 1).
Several other genes that were affected by rrp44-exo™ had
ANTGCACCC elements nearby or had imperfect matches.
In addition, several genes that were induced less than our two-
fold threshold also had ANTGCACCC elements. We thus sus-
pected that the rrp44-exo” mutation somehow affected the
activity of the transcription factor Aftl, which in turn in-
creased transcription of iron-uptake—related genes.

To test whether Aftl activity is increased in the rrp44-exo™
mutant, we constructed a lacZ reporter gene by cloning the
binding site for Aft1 into a construct that contained a minimal
promoter and the lacZ ORF. The resulting reporter plasmid
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was transformed into rrp44-exo” and RRP44 strains, and [-
galactosidase activity was measured in three transformants
for each strain. Figure 1B shows that -galactosidase levels
were increased 2.3-fold in the rrp44-exo™ strain, which match-
es the effect we see on iron-starvation regulon genes. Expres-
sion of B-galactosidase from the parental plasmid that lacks an
Aft] binding site was not affected (Fig. 1B; Supplemental Fig.
1). These data suggest that the Aftl transcription factor is in-
deed more active in the rrp44-exo” mutant.

Aftl regulation is mostly post-translational, such that Aftl
is localized in the cytoplasm under iron replete conditions
and becomes relocalized to the nucleus when the cell senses
aneed for more iron (Yamaguchi-Iwai et al. 2002). We there-
fore compared the location of an Aft1-GFP fusion protein in
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FIGURE 1. The Aftl regulated iron regulon is activated in a rrp44-exo™
mutant. (A) Northern blot analysis confirms the microarray results that
the expression of FIT2 and TISI1 mRNAs is increased in an rrp44-exo™
mutant. To the lef of the blot is the fold increase in expression from the
microarray analysis. SRP indicates the RNA subunit of the signal recog-
nition particle, which is used as a loading control. (B) The rrp44-exo™
mutation increases expression of a lacZ reporter gene that contains a sin-
gle Aftl binding site. The graph shows averages and standard deviations
of triplicate cultures. As a control, a reporter gene without an Aft1 bind-
ing site is very poorly expressed and not affected by rrp44-exo™ (see
Supplemental Fig. 1). (C) An Aft1-GFP fusion protein was expressed
in wild-type and rrp44-exo™ mutant strains to localize Aft1. The percent-
age of cells that showed a nuclear localization of Aftl, reflecting activa-
tion of Aftl, is indicated on the right. (D) Western blot analysis of Aft1-
GFP in wild-type and rrp44-exo™ strains, using anti-GFP antibody. Pgkl
is used for loading control.

the rrp44-exo™ mutant and RRP44 strains. Aft]l was observed
to be concentrated in the nucleus of 44% of the rrp44-exo™
cells and in 15% of the RRP44 cells (Fig. 1C). We also ana-
lyzed expression levels of Aft1-GFP by Western blot and not-
ed that they were similar in the wild-type and rrp44-exo™
strains (Fig. 1D). The enrichment of ANTGCACCC ele-
ments, increase in lacZ expression, and increased nuclear
localization of Aft1 all indicate that the rrp44-exo™ mutant ac-
tivates the cellular iron-starvation response by somehow
activating and relocalizing this key transcription factor.

Inactivation of the exonuclease activity of Rrp44
increases hydrogen peroxide sensitivity and
intracellular ROS levels

Iron is both an essential element because it is a cofactor for
many proteins and a toxic element because iron reacts to gen-
erate ROS. To further characterize the effect of the increase in

Aftl activity and the resulting up-regulation of the iron-star-
vation regulon, we analyzed growth under low- and high-iron
conditions, as well as oxidative stress. To analyze the effect of
iron concentration in the media, we compared four different
growth conditions: SC media with the standard iron concen-
tration (0.2 mg/L FeCls), SC media with 1000-fold increase
in iron, SC media with no added iron but with trace iron avail-
able from the water or other ingredients, and SC media with
no added iron and added iron chelator bathophenanthro-
linedisulfonate (BPS). These conditions did not reveal any
specific effects on the rrp44-exo™ mutant; the rrp44-exo” mu-
tant grows slower than an isogenic RRP44 strain under the
first three conditions, and neither the wild-type nor mutant
strains grew in the presence of BPS. We conclude that the
up-regulation of the iron-starvation regulon we detected in
the rrp44-exo™ strain does not significantly affect its ability
to grow under iron-excess or iron-starvation conditions.

To test the effects of rrp44-exo™ mutant further, we tested
if this mutant was sensitive to exposure to oxidative stress. As
shown in Figure 2A, the rrp44-exo™ mutant did not grow on
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FIGURE 2. The rrp44-exo™ is hypersensitive to H,O,. (A) The rrp44-
exo” mutant is hypersensitive to hydrogen peroxide when grown on solid
media. Shown are the RRP44 and rrp44-exo™ strains grown on solid media
either without added reactive oxygen species (ROS) or with added hydro-
gen peroxide or the superoxide generating compound menadione. (B)
Shown are growth curves of the RRP44 and rrp44-exo™ strains grown in
liquid media in the presence or absence of H,O,. (C) The rrp44-exo™
strain hyperaccumulates ROS. Intracellular ROS levels were measured
in RRP44 and rrp44-exo™ strains grown in the presence or absence of
1 mM H,0,.
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YPD plates supplemented with 2 mM H,0,, indicating in-
creased sensitivity to oxidative stress. Under these same con-
ditions, the wild-type strain did grow, although at a slightly
slower rate than in the absence of H,O,. We observed similar
effects during growth in liquid media: Addition of 2 mM
H,0, had a modest effect on the growth rate of the RRP44
control strain but completely eliminated growth of the
rrp44-exo” mutant (Fig. 2B). This hypersensitivity was specif-
ic to H,0, because the superoxide-generating agent mena-
dione affected the wild type and the rrp44-exo” mutant
approximately equally (Fig. 2A). In addition to the low-
and high-iron stress. other stresses such as growth at high
or low temperature did not specifically affect the growth of
the rrp44-exo™ strain compared with the wild type, further
demonstrating the specificity of the H,O, sensitivity.

Hypersensitivity to oxidative stress could result from in-
ability to repair damage caused by normal levels of ROS, it
could be due to increased levels of intracellular ROS, or
both. To test whether ROS levels were altered in the rrp44-
exo” mutant, we used 2',7'-dichlorodihydrofluorescein diac-
etate (H,DCFDA). H,DCFDA is not fluorescent, but upon
hydrolysis by intracellular esterases and oxidation by ROS,
it is transformed into the fluorescent compound 2',7'-
dichlorofluorescein (DCF). Thus, intracellular ROS levels
can be detected by measuring fluorescence after H,DCFDA
exposure. By use of this assay, we detected a 2.0-fold higher
level of ROS in the rrp44-exo™ mutant compared with the
mutant during growth in the absence of added ROS and a
2.4-fold higher level after exposure to 1 mM H,0, (Fig.
2C). We therefore conclude that the rrp44-exo™ mutant accu-
mulates increased amounts of ROS.

Altered iron response and sensitivity to oxidative
stress in the rrp44-exo™ mutant are functionally
connected

Knowing the rrp44-exo” mutant has both an up-regulated
iron response and increased ROS, we decided to test if these
were related. We could envision at least two possible ways
these are linked. Aftl activity is not directly controlled by
iron but instead is controlled by the availability of iron-sulfur
clusters (Chen et al. 2004; Rutherford et al. 2005). Since hy-
drogen peroxide damages iron-sulfur clusters, it is possible
that the excess ROS in rrp44-exo™ decreases the availability
of iron-sulfur clusters, which would result in Aftl induction.
Thus, under this scenario the rrp44-exo” mutant responds
appropriately to a decreased level of available iron-sulfur
clusters that is caused by an increased ROS level.
Alternatively, rrp44-exo” may inappropriately up-regulate
Aftl and the resulting increased intracellular Fe levels would
cause an increased production of ROS due to the reactivity of
iron ions.

To distinguish between these two possibilities, we first ex-
posed the rrp44-exo™ mutant to 1 mM H,O, for 1 h and then
removed the H,O, and added extra iron to the media. This
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addition of extra iron after H,O, exposure increased growth
of the rrp44-exo™ strain. (Fig. 3A, cf. red and green solid
lines). In comparison, adding iron to RRP44 cells that were
treated with ROS did not significantly change their growth
(Fig. 3A, dashed lines). Similarly, adding iron to rrp44-exo™
or RRP44 in the absence of H,O, stress did not significantly
affect their growth (Fig. 3B). These data support the first pos-
sibility that increased ROS levels lead to a decreased level of
available iron-sulfur clusters, which in turn results in Aftl ac-
tivation. This possibility suggests that adding H,O, to RRP44
cells should have a similar effect of Aftl activation. Figure 3C
shows that, indeed, the FIT2 mRNA is up-regulated upon
exposure of wild-type cells to H,O,. The effects of H,0,
and rrp44-exo~ were not additive; at low concentrations of
H,0,, the rrp44-exo™ mutant did not show a further increase
in FIT2 expression, while at higher concentrations of H,0,,
the RRP44 and rrp44-exo™ strains responded similarly (Fig.
3C). Taken together, these data suggest that the rrp44-exo™
mutant has a higher requirement for iron and responds ap-
propriately to this requirement by up-regulating the iron
regulon.

The exonuclease activity of the exosome is required for
normal growth rate during fermentative conditions but
not during respiratory conditions

When yeast is grown under standard laboratory conditions in
YEP + 2% glucose, it initially ferments the glucose to ethanol
and, only after glucose is depleted, respires the ethanol to
CO,. The above experiments and most published experi-
ments with exosome mutants use log phase cells that almost
exclusively ferment. Under these circumstances, ROS pro-
duction is relatively low, and iron needs are likely to be low
as well, since a number of mitochondrial proteins required
for respiration contain Fe-S clusters. Therefore, to extend
our understanding of the physiological effects of the rrp44-
exo~ mutant beyond the fermentative conditions, we com-
pared its growth rate to the wild-type strain under conditions
where yeast can only respire. Specifically, we compared
growth rates of wild-type cells and the rrp44-exo™ mutant
on media with glycerol or ethanol instead of glucose as a car-
bon source. Glycerol and ethanol are nonfermentable and re-
quire the cells to grow by respiration. Figure 4A shows that
wild-type and rrp44-exo” strains grow with similar rates
when grown on YEP plates with 2% glycerol or 2% ethanol.
Growth in liquid culture revealed that the rrp44-exo™ mutant
grew slightly slower than the wild type, but the difference was
much less pronounced than during fermentative growth (Fig.
4B). To test whether expression of Rrp44 was different during
fermentative and respiratory growth, we performed Western
blot on an epitope-tagged strain. Figure 4C shows that Rrp44
levels during growth on YPD and YEP + 2% glycerol were
similar. Thus, the less-pronounced growth defect of Rrp44-
exo~ during respiratory growth is not correlated with reduced
expression of the protein.
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and its quantitation (right). The SRP RNA served as a loading control as in Figure 1.

Our observations that the rrp44-exo™ strain is hypersensi-
tive to ROS and has a slow growth phenotype specifically dur-
ing fermentative growth appear paradoxical, since ROS
production should be low during fermentation. To resolve
this puzzle, we measured ROS levels during respiratory
growth and found that under these conditions the rrp44-
exo~ mutant had levels of ROS comparable to wild type
(Fig. 4C), presumably because mechanisms to detoxify
ROS are also up-regulated during respiratory growth. Thus,
these observations further strengthen the correlation between
the growth defect of rrp44-exo™ and ROS accumulation.

Because the rrp44-exo™ mutant has a growth defect during
fermentative growth on glucose but has much less of a growth
defect during respiratory growth, we also analyzed whether it
was inefficient in converting glucose to biomass. Specifically,
we simultaneously measured biomass accumulation (by
measuring optical density) and glucose depletion during
growth in YEP +2% glucose. As shown in Figure 4D the
wild type and rrp44-exo” mutant converted glucose to bio-
mass with very similar efficiency. Therefore, the slow growth
during fermentation is not due to inefficient conversion of
glucose to biomass.

The exonuclease activity of the exosome is required for
RNA processing and degradation during fermentative
and respiratory conditions

Yeast growth is typically coordinated with ribosome produc-
tion (Waldron and Lacroute 1975; Mager and Planta 1991).
This suggests the possibility that the slow growth phenotype
of the rrp44-exo™ strain is related to its known defect in ribo-
somal RNA maturation. Thus, to characterize the relation
between slow growth and this rRNA processing defect, we
isolated RNA from the wild-type and rrp44-exo™ mutant
strains growing in fermentative or respiratory conditions
and analyzed it by Northern blotting. Figure 5A shows that
the aberrant 5.8S rRNA processing intermediates present in
the rrp44-exo™ strain during growth on glucose are also pres-
ent during growth on glycerol (marked with an asterisk in
Fig. 5). Similarly, the known defects of the rrp44-exo™ mutant
in 5" ETS degradation (Fig. 5B) and U4 snRNA (Fig. 5C) pro-
cessing were present, even when grown on glycerol.
Therefore, we conclude that the growth defect exhibited by
rrp44-exo~ during fermentative growth is independent of
these specific processing and degradation defects and that
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FIGURE 4. Lack of the Rrp44 exonuclease activity results in slow
growth under fermentative but not respiratory growth. (A) Shown are
the RRP44 and rrp44-exo™ strains grown on solid media either with fer-
mentable glucose or with nonfermentable glycerol or ethanol as the car-
bon source. (B) Shown are growth curves of the RRP44 and rrp44-exo™
strains grown in liquid media with glycerol as the carbon source (cf. with
the growth in medium with glucose in Fig. 2A). (C) Western blot anal-
ysis of TAP-tagged Rrp44 levels during fermentative (glucose) and respi-
ratory (glycerol) growth. Pgkl is used as a loading control. (D) The
rrp44-exo” strain does not hyperaccumulate intracellular ROS when
grown in media with glycerol as the carbon source (cf. with ROS accu-
mulation when grown in media with glucose in Fig. 2C). (E) The rrp44-
exo” mutant grows slowly in media containing glucose but is not ineffi-
cient in converting glucose to biomass. The mutant and wild-type
strains were grown in YPD media, and growth (ODg) and glucose lev-
els were monitored every 2 h and plotted.

the exonuclease activity of the exosome is required for RNA
processing and degradation during fermentative and respira-
tory conditions.

CONCLUSIONS

Our results suggest that the major physiological consequence
of inactivating the exonuclease of Rrp44 is an increase in ROS
accumulation, which results in an increased need for iron
and a decreased growth rate under fermentative conditions.
Although the RNA exosome has been extensively studied at
the molecular level and mutants that reduce RNA exosome
activity cause slow growth, how the RNA exosome affects
the physiological state of the cell was previously largely un-
known. To investigate this, we used a microarray approach
to identify genes that were up- or down-regulated in response
to inactivating the active site residues of the main catalytic
subunit of the exosome. Despite the very slow growth of
the rrp44-exo™ strain, the number of genes affected was sur-
prisingly low and dominated by genes in the iron-uptake reg-
ulon. The main transcription factor for this regulon is Aftl,
and we show that expression of a lacZ reporter gene that in-
corporates a single binding site for Aftl is increased in the
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rrp44-exo” mutant. We further confirmed that Aftl is activat-
ed by showing that a GFP fusion is translocated into the nu-
cleus. Aft1 activation and nuclear import have been shown to
be directed by a pair of glutaredoxins (Grx3 and Grx4), which
by an unknown mechanism respond to the level of available
iron-sulfur clusters (Ojeda et al. 2006; Pujol-Carrion et al.
2006).

Strikingly, three different RNases and RNA degradation
pathways have previously been implicated in the regulation
of the iron response. First, RRP6 encodes a nuclear cofactor
of the exosome, and iron regulon RNAs were shown to in-
crease in r7p6A strains (Lee et al. 2005; Houalla et al. 2006;
Ciais et al. 2008). The molecular mechanism behind this
up-regulation was not fully explored, but it was suggested
that iron regulon mRNAs were likely direct targets of the nu-
clear exosome (Lee et al. 2005; Houalla et al. 2006; Ciais et al.
2008). In contrast, our findings of up-regulation in rrp44-exo™
can be fully explained by activation of the Aftl transcription
factor, and we do not suspect that these mRNAs are direct
Rrp44 targets. A further difference is that the increased
CTH2 mRNA level in rrp6A is mostly due to accumulation
of 3’ extended mRNAs (Ciais et al. 2008), which we did not
detect in rrp44-exo”. Thus rrp6A and rrp44-exo™ appear to
have different effects on iron regulon mRNAs, which likely re-
flect two different mechanisms of control. The second RNase
previously implicated in expression of iron-uptake-related
mRNAs is the endonuclease Rntl (Lee et al. 2005). Rntl
and Rrp44 also appear to function in separate pathways
because genes up-regulated in rntIA were not enriched for
Aftl targets, rnt1A resulted in decreased expression of lacZ re-
porter under Aftl control while rrp44-exo™ resulted in an in-
creased expression, and the rrp44-exo” mutation increases
expression of FIT2 mRNA while rntIA decreases its expres-
sion. Finally, CTH2, one of the Aft] targets that we find up-
regulated in rrp44-exo”, encodes an RNA binding protein
that controls decapping of specific mRNAs by Dcp2 followed
by Xrnl-mediated degradation (Puig et al. 2005; Pedro-
Segura et al. 2008), but the target mRNAs of Cth2 differ
from the Aftl targets that we find up-regulated in rrp44-
exo”. Recently, a second RNA binding protein, Air2, has
also been implicated in the regulation of the iron regulon
(Schmidt et al. 2012). Air2 is a cofactor of the exosome and
Schmidt et al. (2012) reported that the FIT2 mRNA level is re-
duced in an rrp6A strain but increased in an rrp6A air2A dou-
ble mutant. This suggests that Air2p acts in an Rrp6-
independent pathway to affect FIT2 mRNA. Whether this
Air2-dependent pathway is the same as the pathway we
describe here remains to be determined. Overall, these results
indicate that iron homeostasis is regulated by at least four dif-
ferent RNases—Rrp44, Rrp6, Rntl, and Dcp2/Xrnl, and the
available evidence indicates that each of these RNases acts in
different pathways.

We also show that the rrp44-exo™ mutant strain accumu-
lates ROS. Because ROS are especially reactive with iron-sul-
fur clusters, we hypothesize that this increased ROS causes a
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FIGURE 5. Although the growth defect of rrp44-exo™ is specific for fer-
mentative growth, the known RNA processing defects are seen during
both fermentative and respiratory growth. The RRP44 and rrp44-exo™
strains were grown in YEP + glucose or YEP + glycerol as indicated.
RNA was isolated and analyzed by Northern blotting with probes specif-
ic for 5.8S rRNA (A), the 5" external transcribed spacer of the pre-rRNA
(5" ETS; B), or the U4 snRNA (C). RNA species that accumulate in the
rrp44-exo” mutant are indicated with asterisks.

reduction in the level of iron-sulfur clusters, which turns on
the Aftl regulon. Our observations that the hydrogen perox-
ide sensitivity of rrp44-exo™ can be suppressed by adding iron
and that the iron regulon is induced upon addition of hydro-
gen peroxide to wild-type cells are consistent with this possi-
bility. The molecular mechanism of how the exonuclease
activity of the RNA exosome affects this signaling pathway re-
mains unknown. However, the exosome has been shown to be
required for the degradation of long noncoding RNAs
(Lebreton et al. 2008), which can affect gene expression. For
example, the expression of SER3 in response to serine star-
vation is regulated by the noncoding RNA SRG1 (Martens
et al. 2004, 2005). One possibility is that a similar noncoding
RNA affects expression of a key regulator that controls ROS
levels.

Although the exosome has many known functions, it is not
known which of these functions is most critical for normal
growth or whether multiple important aspects of cell physi-
ology are perturbed in exosome mutants. Here we show
that the growth defect of rrp44-exo™ is much more severe un-
der fermentative conditions than under respiratory condi-
tions. In addition, under conditions where rrp44-exo”
grows slowly, this strain hyperaccumulates ROS, whereas un-
der conditions where it does not hyperaccumulate ROS,
growth is much more similar to that of the wild type. In con-
trast, the 5.8S rRNA and U4snRNA processing and 5" ETS
degradation defects seen in the mutant do not correlate
with a defect in growth rate. Thus, our results suggest the pos-
sibility that the ROS hyperaccumulation we observe is a ma-
jor contributor to the slow growth seen in this and possibly
other exosome mutants.

MATERIALS AND METHODS

Yeast strains

All strains were derived from the heterozygous diploid RRP44/
rrp44A::NEO strain obtained from Open Biosystems using standard
yeast genetics techniques as previously described (Schaeffer et al.
2009). The microarray analysis was done on quadruplicate cultures
of yAV1129, yAV1131, and yAV1135. Follow-up experiments were
done with these same strains as well as a second independent isolate
of rrp44-exo~, yAV1284. All experiments were done at least in dupli-
cate. To generate a second independent isolate of rrp44-exo™, first
the ORF for NEO resistance was replaced by an ORF encoding
Nourseothricin resistance (NAT) by transforming the RRP44/
rrp44A::NEO strain obtained from Open Biosystems with p4339
(Tong and Boone 2006) obtained from Dr. Charlie Boone’s labora-
tory. Next the rrp44-exo™ plasmid was introduced as previously de-
scribed (Schaeffer et al. 2009). The genotypes of the strains used are
as follows:

yAV1129 (wild-type strain): Mata, leu2-A0, ura3-A0, his3-Al,
rrp44A:NEO [RRP44, LEU2J;

yAV1131 (rrp44-exo™): Mata, leu2-A0, ura3-A0, his3-Al, rrp44A:
NEO [rrp44D55IN, LEU2];

yAV 1135 (rrp44-endo™): Mata, leu2-A0, ura3-A0, his3-Al, rrp44A::
NEO [rrp44D171A, LEU2]; and

yAV1284 (rrp44-exo™): leu2-A0, ura3-A0, his3-Al, lys2-A0, rrp44A::
NAT [rrp44D551N, LEU2].

Plasmids

The RRP44, rrp44-exo™, and rrp44-endo™ plasmids have previously
been described (Schaeffer et al. 2009). The Aft1-GFP plasmid has
also been described (Crisp et al. 2003) and was kindly provided by
Dr. Jerry Kaplan (University of Utah). The lacZ control plasmid
pCM64 was kindly provided by Dr. Kevin Morano (University of
Texas Health Science Center Houston). pCM64 is a derivative of
pLG669-Z (Guarente and Ptashne 1981) with the 434-bp Xhol frag-
ment replaced with a linker introducing a unique BglII site. The
Aftl-lacZ reporter plasmid pAV804 is a derivative of PCM64 with
the Aftl binding site form the FET3 promoter inserted into the
unique BglII site. pAV804 was generated by cloning 0AV886
(GATCTCTTCAAAAGTGCACCCATTTGCAGGTGCTCC)  and
0AV887 (TCGAGGAGCACCTGCAAATGGGTGCACTTTTGAAGA)
into the BglII site of pCM64.

Media and growth conditions

All growth assays were repeated at least three times. Unless otherwise
indicated, all cultures were started overnight in 5 mL YPD and then
transferred the following day to the specified media. Growth was at
30°C unless otherwise noted. YPD (YEP + glucose), YEP + glycerol,
YEP + ethanol, and SC media were prepared as previously described
(Burke et al. 2000). Yeast nitrogen base (catalog no. 1501-250), yeast
nitrogen base lacking iron (catalog no. 1551-100), and the amino ac-
ids mixes were from Sunrise Science. The iron chelator BPS was
from Sigma-Aldrich (catalog no. 146617-1G). For the experiments
in Figure 3, ammonium iron(III) sulfate dodecahydrate was from
Sigma Aldrich (catalog no. 221260-25G). Glucose levels were
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measured using a glucose (HK) assay kit (Sigma-Aldrich catalog no.
GAHK20-1KT) according to the manufacturer’s instructions.

For growth assays on solid media, fivefold serial dilutions of S. cer-
evisiae cells were made in a 96-well plate starting with ODgg = 0.6.
These were then spotted on the indicated media and incubated at
30°C (unless otherwise indicated).

Liquid growth assays were performed either in 96-well plates in a
Synergy MX automated microplate reader or in test tubes.

Microscopy

Cells were transformed with the Aftl-GFP plasmid and grown in
selective media. Before microscopy, cells were stained with
Hoechst 33342 stain for 10 min, washed with H,O, and observed
with an Olympus IX81 microscope.

p-galactosidase assay

Strains containing either pCM64 or pAV804 were grown to ODgg
= 0.6, and B-galactosidase activity was measured using the Beta-Glo
reagent (Promega) according to the manufacturer’s instructions us-
ing a Biotech Synergy MX plate reader. Briefly, 50 pL of culture was
mixed with 50 pL of B-glo reagent in a 96-well microtiter plate, in-
cubated for 30 min, and light production measured and normalized
to ODgpo. Similar results were obtained when p-galactosidase activ-
ity was measured using ortho-nitrophenyl-p-galactoside (ONPG).

ROS detection

Cultures were either treated with the indicated concentrations of
H,0, or left untreated. After 1 h treatment, 1 mL of culture was cen-
trifuged and the cells washed in phosphate buffered saline (PBS)
and resuspended in 1 mL PBS containing 25 uM H2DCFDA.
Fluorescence was detected at 525 nm with excitation at 495 nm.
Fluorescence was normalized to ODg.

RNA isolation and analysis

Liquid cultures (5 mL) were grown overnight at 30°C. The cultures
were then diluted into 20 mL of fresh media to an ODg of 0.125
and grown at 30°C to an ODgq of 0.6. The culture was briefly cen-
trifuged, and the cell pellet was collected, washed once with ddH,O,
and either used immediately or frozen at —80°C prior to RNA ex-
traction. RNA was extracted as previously described (He et al.
2008), separated on 6% polyacrylamide or 1.3% agarose gels, and
blotted onto Zeta-Probe membrane (Biorad). The blots were probed
with 5'P*2-labeled oligonucleotides for FIT2 mRNA (CGACGG
CTTGAGTGACGGTC), TIS11 mRNA (GGGAGTTTCCTGCAC
TTGGC), 5.8 rRNA (TTTCGCTGCGTTCTTCATC), 5 ETS
(CGAACGACAAGCCTACTG), U4 snRNA (CGGACGAATCCT
CACTGATA), and the RNA subunit of the signal recognition parti-
cle (SRP; GTCTAGCCGCGAGGAAGG) as a loading control.

For the microarray experiments, quadruplicate cultures of
yAV1129, yAV1131, and yAV1135 were grown in YPD, and RNA
was isolated and processed as described previously (He et al.
2003). Fragmented cRNA was prepared using the Affymetrix
3'TVT express kit and was hybridized to Affymetrix Yeast Genome
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2.0 arrays. The relative abundance of each transcript was determined
using Affymetrix Microarray Suite 5.0.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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