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ABSTRACT

The RNA exosome is a conserved complex for RNA degradation with two ribonucleolytic subunits, Dis3 and Rrp6. Rrp6 is a 3'-5’
exonuclease, but it also has a structural role in helping target RNAs to the Dis3 activity. The relative importance of the exonuclease
activity and the targeting activity probably differs between different RNA substrates, but this is poorly understood. To understand
the relative contributions of the exonuclease and the targeting activities to the degradation of individual RNA substrates in
Schizosaccharomyces pombe, we compared RNA levels in an rrp6 null mutant to those in an rrp6 point mutant specifically
defective in exonuclease activity. A wide range of effects was found, with some RNAs dependent mainly on the structural role
of Rrp6 (“protein-dependent” targets), other RNAs dependent mainly on the catalytic role (“activity-dependent” targets), and
some RNAs dependent on both. Some protein-dependent RNAs contained motifs targeted via the RNA-binding protein Mmift,
while others contained a motif possibly involved in response to iron. In these and other cases Rrp6 may act as a structural

adapter to target specific RNAs to the exosome by interacting with sequence-specific RNA-binding proteins.
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INTRODUCTION

The RNA exosome is a large complex conserved from archaea
to higher eukaryotes. It functions in surveillance, processing,
and degradation of RNAs including rRNA, tRNA, and small
RNAs (for review, see Schmid and Jensen 2008; Lykke-
Andersen et al. 2009; Chlebowski et al. 2010). In eukaryotes,
the complex comprises a nine-subunit core of RNA-binding
proteins associated with two ribonucleases, Rrp6 and Dis3
(Liu et al. 2006; Dziembowski et al. 2007). Dis3 is essential
and has endonuclease activity and 3'-5" exonuclease activity.
Rrp6 has only 3'-5" exonuclease activity, and is found in the
nuclear but not the cytoplasmic form of the exosome
(Allmang et al. 1999).

Crystal structures of exosome—RNA complexes reveal that
Rrp6 and Dis3 are found at opposite ends of the exosome
(Wasmuth and Lima 2012; Makino et al. 2013, 2015;
Wasmuth et al. 2014). The exonuclease domain of Rrp6 is
solvent-exposed even when associated with the exosome. In
contrast, the exonuclease domain of Dis3 faces the inner
core of the exosome, through which the RNA substrate is
threaded. Although earlier studies showed that Rrp6 and
Dis3 have distinct RNA targets (Kiss and Andrulis 2010),
recent studies have shown that Rrp6 can regulate the catalytic
activity of Dis3 in vitro (Wasmuth and Lima 2012). This may
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be because Rrp6 associates with the top of the exosome
where the RNA enters, and possibly regulates RNA threading
through the exosome core (Wasmuth and Lima 2012;
Makino et al. 2013, 2015). Strikingly, even a catalytically in-
active Rrp6 is able to enhance RNA degradation by Dis3 in
vitro (Wasmuth and Lima 2012). These studies show that,
at least in vitro, Rrp6 has a structural role in the exosome in
addition to its catalytic role.

In Schizosaccharomyces pombe, the RNA exosome plays a
crucial role in regulating meiosis. Many genes are up-regulat-
ed during the switch from vegetative growth to meiosis (Mata
et al. 2002). During vegetative growth, some early meiotic
genes are constitutively transcribed. The RNA-binding pro-
tein Mmil binds these early meiotic mRNAs and targets
them for degradation to keep meiosis off (Harigaya et al.
2006). Upon meiotic entry, Mmil is inactivated, allowing
early meiotic transcripts to accumulate and be translated.
Further studies on the mechanism of Mmil-mediated RNA
turnover showed the exosome degrades Mmil-bound
RNAs in vegetative cells, and is aided by polyadenylation of
these RNAs (St-Andre et al. 2010; Yamanaka et al. 2010;
Chen et al. 2011). Previous studies have shown both rrp6
and dis3 mutations interfere with degradation of Mmil
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targets (Yamanaka et al. 2010; Chen et al. 2011). Some Mmil
targets, such as rec8 mRNA, undergo Mmil-dependent
hyperadenylation and thus become a substrate for Rrp6.
However, a small fraction of the rec8§ mRNA is a read-through
transcript that is targeted by Dis3 (Chen et al. 2011). In sum-
mary, both Dis3 and Rrp6 keep many early meiotic mRNAs
off in vegetative cells (Chen et al. 2011).

Delivery of the mRNAs bound by Mmil to the exosome
involves a multiprotein complex called NURS or MTREC
(Sugiyama and Sugioka-Sugiyama 2011; Sugiyama et al.
2012; Yamashita et al. 2013; Egan et al. 2014; Zhou et al.
2015). NURS/MTREC complex bridges Mmil and the
exosome; it interacts with Mmil through Iss10 (Egan et al.
2014), and it interacts with Rrp6 through Mtll (Egan et
al. 2014) and Red1 (Zhou et al. 2015).

In S. pombe, it is currently believed that Rrp6 directly
degrades Mmil-bound RNAs. This is based on the observa-
tion that rrp6A mutants accumulate Mmil-target RNAs.
However, dis3 mutants also accumulate Mmil-target RNAs
(Yamanaka et al. 2010; Chen et al. 2011). One possibility is
that Rrp6 and Dis3 are each partly responsible for degrading
Mmil-bound RNAs. Alternatively, loss of Rrp6 protein could
result in defective recruitment of Mmil-bound RNAs for
degradation by Dis3. This led us to the question of whether
Rrp6 has distinct catalytic and “structural” functions. The
structural functions could include both an enhancement of
Dis3 activity, and a recruitment activity via protein—protein
interactions. To distinguish which RNAs are degraded by
Rrp6, and which are somehow targeted to Dis3 via Rrp6,
we made catalytic (rrp6-cat), null (rrp6A), and rrp6-cat
dis3-4 (ts) mutants and measured the genome-wide abun-
dance of RNAs.

RESULTS AND DISCUSSION

Analysis of phenotypes of exosome
exonuclease mutants

To examine the role of the Rrp6 exonu-
clease activity, we designed an allele of
rrp6 to abolish its 3’5" exonuclease ac-

tivity (rrp6-cat). When compared across ce

species, the DEDD-Y exonuclease do-
main of Rrp6 is highly conserved (Sup-
plemental Fig. S1A). We constructed C
rrp6-cat by mutating residues D243,
E245, D303, Y366, and D370 to alanine.
We selected these residues based on re-
ports showing these residues are required
for processing 5.8S rRNAs, some
snRNAs and snoRNA in yeast (Briggs

are located inside the catalytic core of Rrp6 as shown in a ho-
mology model (Supplemental Fig. S1B).

The rrp6-cat mutant had a slight growth defect compared
to wild-type at all temperatures (Fig. 1A). In contrast, the
rrp6A mutant showed severe growth defects at all tempera-
tures (Fig. 1A). This shows that Rrp6-cat protein retains
some functions of the wild-type protein.

To further characterize the rrp6-cat mutant, we attempted
to make double mutants with dis3, the core nuclease of the
exosome. We first crossed to a cold-sensitive mutant, dis3-
54 (Kinoshita et al. 1991). Despite dissecting 40 tetrads, we
were unable to find any rrp6-cat dis3-54 double mutants
among the 11 complete tetrads (P <0.005), suggesting
that this double mutant is inviable even at the dis3-54 per-
missive temperature. This is consistent with the idea that
rrp6-cat lacks exonuclease activity. We then crossed rrp6A
to dis3-4 (ts), a different allele of dis3 (Yamanaka et al.
2010), but were again unable to recover any double mu-
tants, presumably because the rrp6A dis3-4 (ts) double
mutant is also inviable. However, we succeeded in generat-
ing the rrp6-cat dis3-4 (ts) double mutant. This rrp6-cat
dis3-4 double mutant was temperature sensitive because of
the dis3-4 allele and also slightly cold sensitive like the
rrp6-cat mutant (Fig. 1A). This indicated that both Rrp6
and Dis3 functions were impaired in the rrp6-cat dis3-4
double mutant.

The dis3-4 allele was generated by error-prone PCR
(Yamanaka et al. 2010), and is not well characterized. We se-
quenced it, and found three mutations: D307G, L642S, and
F954S. These lie in the OB RNA-binding region, the catalytic
RNB region, and the S1 RNA-binding region, respectively.
Thus, the molecular basis of the dis3-4 defect is unclear.
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et al. 1998; Phillips and Butler 2003).
We mutated all of them to increase the
likelihood of obtaining a catalytically
dead Rrp6 protein. All these amino acids
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FIGURE 1. Phenotypes of Rrp6 and Dis3 mutants. (A) Growth assay for rrp6 and dis3 mutants
on YES media at different temperatures. (B) Bar chart showing RNA-seq reads at one 5.85 rRNA
locus (SPRRNA.51) at the 5" and 3’ ends (direction of transcription is from right to left). The
y-axis was compressed to clearly show the unprocessed reads. (C) Western blot showing the levels
of Rrp6-TAP (strain JLP1840) and Rrp6-cat-TAP (strain JLP1841).
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Previous studies showed that Rrp6 is important for pro-
cessing the 3’ end of a fraction of 5.8S rRNA (Briggs et al.
1998; Allmang et al. 2000). To test if rrp6-cat is defective
for catalysis, we analyzed 5.8S rRNA processing by sequenc-
ing total RNA from wild-type, rrp6A, and rrp6-cat mutants.
We made the libraries by ligating a sequencing adapter to
the 3’ end of unfragmented total RNA (see Materials and
Methods) to determine 3’ processing changes. We found
that the rrp6-cat and rrp6A mutants each contained a sub-
stantial and similar amount of unprocessed 5.8S rRNA at
both the 5" and 3’ ends (Fig. 1B); little or no such unpro-
cessed 5.8S rRNA was seen in the WT strain (Fig. 1B).
Nevertheless, the total amount of mature 5.8S rRNA was sim-
ilar in all three strains (Fig. 1B, y-axis). This result shows that
mutating the five amino acids in the exonuclease domain did
indeed abolish catalytic activity of Rrp6, since, for this pheno-
type, rrp6-cat phenocopies rrp6A. It also suggests that there
are other, redundant mechanisms for producing the mature
5.8S rRNA.

The levels of untagged, wild-type Rrp6 protein and mutant
Rrp6-cat protein were the same, as assayed with a rabbit poly-
clonal serum to native Rrp6 (data not shown), and the
levels of WT Rrp6-TAP and mutant Rrp6-cat-TAP (i.e.,
with a C-terminal TAP-tag) were also the same (Fig. 1C).
Furthermore, a C-terminal TAP-tag did not affect the growth
phenotypes of either the wild-type or rrp6-cat strain (data not
shown).

Rrp6 mostly plays a structural role in degrading
its mRNA targets

We used RNA-seq to determine the genome-wide RNA tar-
gets of Rrp6 and Dis3. The RNA-seq libraries were made us-
ing poly(A) selected RNA from wild-type and mutants rrp64,
rrp6-cat, dis3-4, and rrp6-cat dis3-4, with two biological rep-
licates for each strain. The strains with dis3-4 were grown
at permissive temperature (25°C) and then shifted to restric-
tive temperature (30°C) for 1 h and RNA was isolated and
sequenced from both conditions. We mapped the RNA-seq
reads to the S. pombe transcriptome and computed fragments
per kilobase per million (FPKM) as a measure of RNA levels
for each gene using cuffnorm and cuffdiff (Trapnell et al.
2013). The replicate experiments were highly correlated
(Supplemental Fig. S2), having a correlation coefficient great-
er than 0.92 for all replicates.

We compared the transcriptomes of the wild-type and
the rrp6A mutant using cuffdiff to determine which RNAs
were significantly different. Many RNAs accumulated in the
rrp6A mutant while few RNAs had lower levels (data not
shown). This is consistent with the idea that deleting an exo-
some subunit should lead to RNA accumulation. We defined
Rrp6 RNA targets as those RNAs that accumulated signifi-
cantly (P<0.01) in the rrp6A mutant with respect to wild-
type (Supplemental Table S1). According to this definition,
Rrp6 targets included 157 mRNAs (Supplemental Table

S1A) and 103 noncoding RNAs (Supplemental data,
Rrp6_targets.xlsx). (Note that since there are about 5000 pro-
tein-coding genes in S. pombe, with a two-tailed P-value
threshold of 0.01, there could be around 25 false positives
among the 157 mRNAs accumulated.) We plotted the
WT/rrp6A FPKM ratios of these Rrp6 targets as a frequency
distribution and found that the ratios were distributed be-
tween 0 and 0.5 (Fig. 2A); i.e., all the targets were increased
twofold or more in the rrp6A mutant.

To compare the effect of the Rrp6 catalytic mutant to the
null mutant for each mRNA, we plotted the rrp6-cat/rrp6A
FPKM ratio for each Rrp6 target RNA as a frequency distri-
bution (Fig. 2B; Supplemental Fig. S3B). At one extreme, if
the mRNA is not stabilized at all by the catalytic mutation,
but largely stabilized by the null mutation, this ratio could
be as low as zero (i.e., very little mRNA in the catalytic mu-
tant, a large amount of mRNA in the null mutant). At the
other extreme, if degradation depends entirely on the Rrp6
exonuclease activity, so that the RNA is equally stabilized
by the catalytic mutation and the null mutation, then the ra-
tio could be as high as one (ratios higher than one are likely
due to noise). We found a roughly normal distribution of
rrp6-cat/rrp6A ratios between 0 and 1, with a peak around
0.5, suggesting that for a large majority of Rrp6 targets, the
catalytic mutation had a weaker effect on abundance than
the null mutation (Fig. 2B). On average, over all mRNAs,
the catalytic mutation had only about half the effect of the
null mutation. In other words, overall, only about half of
the effect of Rrp6 on mRNA degradation is due to its exonu-
clease activity.
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FIGURE 2. Target mRNAs of Rrp6 protein. (A) Frequency distribution
of WT/rrp6A FPKM ratios of mRNA targets of Rrp6, defined as accumu-
lating significantly by Cuffdiff (P <0.01). The bin width is 0.05. (B)
Frequency distribution of rrp6-cat/rrp6A FPKM ratios of mRNA targets
of Rrp6, defined as accumulating significantly by Cuffdiff (P <0.01).
(C) Histogram showing the distribution of rrp6-cat/rrp6A FPKM ratios
of Mmil target mRNAs (blue) and all mRNA targets of Rrp6 (green).
(D) Frequency histogram showing the distribution of rrp6-cat/rrp6A
FPKM ratios of iron homeostasis mRNAs (brown) and all mRNA targets
of Rrp6 (green).
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Rrp6 exonuclease activity could be distributed equally
among its mRNA targets, or Rrp6 exonuclease could show
a preference in degrading some targets over others. When
we compared the rrp6-cat/rrp6A FPKM ratios of Rrp6 targets
in the two replicate experiments, we found that they were
highly correlated (Supplemental Fig. S3A). The correlation
was smaller for noncoding RNA targets, likely due to poly
(A) selection (Supplemental Fig. S3C). The fact that each
mRNA gave essentially the same result in replicates 1 and 2
strongly suggests that the catalytic/null ratios in Figure 2B
are accurate characterizations of each individual mRNA;
that is, some mRNAs are “protein-dependent” targets—their
degradation depends on the Rrp6 protein, but not its activity;
while other mRNAs are “activity-dependent” targets—their
degradation depends on Rrp6 catalytic activity.

As further evidence that different mRNAs have different
dependencies on the catalytic activity of Rrp6, we analyzed
the replicate data shown in Figure 2B and Supplemental
Fig. S3A using ANOVA to test whether the mRNAs all
come from a single population. ANOVA rejected this null
hypothesis (P < 107>"), showing that different mRNAs have
different dependencies on the catalytic activity. Thus, there
are some mRNAs efficiently degraded directly by Rrp6 (“ac-
tivity dependent”), and other mRNAs that are not, but still
require Rrp6 for degradation for some indirect reason (“pro-
tein dependent”) (e.g., targeting to Dis3 exonuclease).

Protein-dependent targets of Rrp6 include Mmit1
targets and iron homeostasis mRNAs

To try to understand why degradation of some mRNAs
might depend on the Rrp6 protein, but not its exonuclease
activity, we applied Gene Ontology (GO) analysis (Ash-
burner et al. 2000) to the “protein dependent” targets. For
this purpose, we defined “protein dependent” targets as
those 121 mRNAs with a catalytic/null ratio of 0.75 or less,
which corresponds to the first (leftmost) 15 bars of Figure
2B (Supplemental Table S1A). This analysis revealed two
functional groups. The first significant category of genes
was involved in meiosis (Table 1; Supplemental data,
Rrp6_GO.txt), and the genes were immediately recognizable
as those coding for early meiotic mRNAs targeted by Mmil
(Fig. 2C—blue). The second and nonoverlapping group
contained genes involved in iron ion homeostasis, mostly

TABLE 1. Functions of 121 protein dependent mRNA targets of Rrp6

iron transport (Fig. 2D; Table 1; Supplemental data,
Rrp6_GO.txt).

Previously we identified a set of 30 mRNAs targeted by the
RNA-binding protein Mmil for degradation by the exosome
during vegetative growth (Chen etal. 2011). In our current ex-
periments, we obtained no sequence reads for four of them,
mep6, mugl, mcp5, and SPAC6C3.05. When we calculated
the rrp6-cat/rrp6A FPKM ratios of the remaining 26 Mmil
targets, we found that they accumulated much more in
rrp6A than in rrp6-cat (Figs. 2C, blue, 3A,B; Table 2); that
is, they had very low cat/null ratios. Thus, the Rrp6 protein
may be channeling Mmil target-mRNAs to Dis3 for degrada-
tion. We speculate that this occurs because Rrp6 is indirectly
bound to the RNA-binding protein Mmil, and Mmil is
bound to these particular mRNAs (Egan et al. 2014; Zhou
et al. 2015). We suggest that in wild-type cells, the exosome
is recruited to the Mmil-bound RNAs through the NURS/
MTREC-Rrp6 interaction (Egan et al. 2014; Zhou et al.
2015). The exosome then degrades these RNAs using Dis3
(Fig. 4A). However, as indicated by the dotted line, Rrp6
also has some catalytic role given that the Mmil targets accu-
mulated somewhat (about fourfold) in rrp6-cat (Fig. 3B). Our
results are also consistent with structural studies showing that
the presence of Rrp6 protein in the exosome enhances RNA
degradation by the exosome (Wasmuth and Lima 2012).

Similarly, degradation of a set of nine iron response
mRNAs was dependent on the Rrp6 protein, but not on its
catalytic activity (Figs. 2D, brown, 3A,C; Table 1). The results
from RNA-seq were confirmed by qPCR for several of the
genes (Supplemental Fig. S4A). The genes in this category
and their functions are listed in Table 3 and their expression
levels are in the Supplemental data, “iron.txt.” Most of the
genes code for cell surface transporters of iron.

Prior studies on iron metabolism genes suggest that they
are up-regulated during iron depletion, but repressed when
iron is present in the growth medium (Roman et al. 1993;
Pelletier et al. 2003; Mercier et al. 2006). Since we grew cells
in YES (nutrient-rich) medium, it is unlikely that these genes
were up-regulated due to iron depletion. Thus, our results
suggest that in addition to transcriptional regulation, these
genes are post-transcriptionally regulated by exosome-medi-
ated RNA degradation during high iron conditions. In mam-
mals and budding yeast, iron-responsive elements (IREs) in
the mRNAs of iron metabolism genes control either stability

GO ID GO term P-value No. of annotations in Rrp6 targets Total no. of annotations in category
GO:0055072 Iron ion homeostasis 2.13x1077 9 22
GO:0051321 Meiotic cell cycle 4.86x 107" 19 236
Summary
Mmi1 target Iron homeostasis Other Total
15 9 97 121
1314 RNA, Vol. 22, No. 9
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FIGURE 3. RNA accumulation of Rrp6 target mRNAs in rrp6 deletion
and catalytic mutants. (A) Hierarchical clustering of the log, (mutant/
WT) FPKM ratio of the 157 Rrp6 target mRNAs, in r7p6A and rrp6-
cat. Mmil target RNAs are highlighted in blue and iron homeostasis
mRNAs are highlighted in orange. (B) Median log, FPKM values for
Mmil target mRNAs and (C) iron response mRNAs in wild-type and
rrp6 mutants.

or translation of those mRNAs (Hentze et al. 1987, 1989;
Rouault et al. 1988).

Analogous to the Mmil pathway, in S. pombe there may
be one or more RNA-binding proteins bound to these
mRNAs during high-iron conditions that targets them to
the exosome using Rrp6 as an adapter (Fig. 4B). This idea
suggests that these mRNAs could contain a nucleotide motif
for recognition by this hypothetical RNA-binding protein.
Motif analysis using MEME found that eight of the nine
iron homeostasis Rrp6 targets had a total of 30 copies of a pu-
rine-rich motif (Supplemental Fig. S4B) with an E-value of
0.015. An alternative model would be analogous to the reg-
ulation of iron starvation mRNAs in budding yeast by the
Cthl, Cth2 RNA-binding proteins (Martinez-Pastor et al.
2013). Under high iron conditions, Rrp6 processes the 3’
end of the CTH2 pre-mRNA resulting in mature CTH2
mRNA (Ciais et al. 2008). Cth2 recognizes AU-rich elements
in the 3’ UTR of iron starvation mRNAs and targets them for
degradation (Puig et al. 2005, 2008). However, Cthl and
Cth2 have no homologs in S. pombe.

Of the 121 protein-dependent mRNAs, 15 are targets of
Mmil, and nine are probable targets of a putative RNA-bind-
ing protein involved in iron homeostasis (Table 1). Thus
there are an additional 97 mRNAs that may be targeted to
the exosome via Rrp6 and unknown RNA-binding proteins
(Table 1), and subsequently degraded largely by Dis3.

Effects of dis3-4

As described above, we were able to make rrp6-cat dis3-4 dou-
ble mutants, but not rrp6A dis3-4, rrp6-cat dis3-54, or rrp6A
dis3-54 double mutants. We investigated mRNA levels at per-
missive and restrictive temperatures in the dis3-4 mutant and
the rrp6-cat dis3-4 double mutant. However, by RNA-seq,
these had about the same mRNA levels at both temperatures
(Supplemental Fig. S5), suggesting that the biochemical activ-
ity of Dis3-4 is not highly dependent on temperature.

We clustered the mRNA abundances from RNA-seq in the
11p6A, rrp6-cat, dis3-4, and rrp6-cat dis3-4 mutants (Supple-
mental Fig. S6A). We found that the Mmil targets accumu-
lated at a higher level in dis3-4 than in rrp6-cat (Supplemental
Fig. S6A,B). However, this result is difficult to interpret
because the specific defect of Dis3-4 mutant protein is
uncharacterized.

MATERIALS AND METHODS

Yeast strains, media, and growth conditions

S. pombe culture methods were used as described in Forsburg and
Rhind (2006). When required, cells were grown in Edinburgh

TABLE 2. Effect of Rrp6 null and catalytic mutations on Mmi1
target RNAs

Systematic name Common name rrp6-cat/rrpbA ratio

SPAC17A5.18c rec25 0.47
SPAC458.04c dli1 0.53
SPBC1347.12 arpl 0.12
SPBC582.06¢ mcp6 FPKM N/A
SPAC25G10.04c recl0 0.41
SPCC11E10.03 mugl FPKM N/A
SPBC2D10.06 repl 0.27
SPBC216.02 mcp5 FPKM N/A
SPAC32A11.01 mug8 0.11
SPAC14C4.03 mek1 0.32
SPCC1393.07c mug4 0.27
SPAC27D7.13c ssm4 0.21
SPAP27G11.08c meu32 0.30
SPAC1556.06 meul 0.19
SPAC57A10.04 mug10 0.15
SPBC32H8.11 mei4 0.15
SPCC70.09c mug9 0.16
SPAC13A11.03 mcp7 0.09
SPAC6C3.05 FPKM N/A
SPBC577.05¢ rec27 0.36
SPAC222.15 meul3 0.16
SPBC2G2.09c¢ crsi 0.07
SPCC4E9.01c recl] 0.28
SPBC646.17¢ dict 0.24
SPBP8B7.04 mug45 0.58
SPBC29A10.02 spo5 0.03
SPBC29A10.14 rec8 0.03
SPAC23C4.07 tht2 0.40
SPBC1921.04c 0.33
SPNCRNA.103 sme2 0.05
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FIGURE 4. A schematic model for the role of Rrp6 as a structural adapt-
er protein. (A) Rrp6 associates with the NURS complex through its inter-
action with Mtl1. NURS complex associates with Mmil bound to early
meiosis RNAs during mitosis. Therefore, exosome recruitment to these
RNAs is possible and these RNAs are degraded largely by Dis3. Rrp6 de-
grades only some of the Mmil target RNA (depicted by dotted line). (B)
Rrp6 facilitates the degradation of iron homeostasis mRNAs during
high-iron conditions. It does so presumably by interacting with as yet un-
identified RNA-binding proteins that bind to these mRNAs.

Minimal Media (EMM) with supplements. For RNA isolation and
spot assays, cells (except dis3-4 mutants) were grown in liquid
YES at 32°C, until they reached ODgg = 0.5-0.6. Temperature-sen-
sitive mutants (dis3-4) were grown at 25°C before shifting to 30°C
for 1h. For RNA isolation, cells were harvested at 4°C, washed
with ice-cold water, frozen in liquid nitrogen, and stored at —80°
C. For spot assays, wild-type (CHP1365), rrp6A (JLP1704), and
rrp6-cat (JLP1708) strains were grown in liquid YES at 32°C, and
dis3-4 (JT449), and rrp6-cat dis3-4 (JLP1863) were grown in liquid
YES at 25°C until they reached an optical density (600 nm) of 0.6.
Cells were then suspended in water at a density of 2 x 10° cells/
mL. Tenfold serial dilutions were made and 5 pL of each dilution
was spotted on YES-agar plates and incubated at the temperatures
indicated. For transformation, cells were grown in liquid YES at
32°C overnight and then diluted in an equal volume of fresh YES
media. Cells were grown another 3 h before harvesting. All strains
used in this study are listed in Supplemental Table S2.

Cloning and site-directed mutagenesis of rrp6
exonuclease domain

A region containing the exonuclease domain of rrp6 was PCR ampli-
fied using primers rrp6-exon2F and rrp6-exon2R. The PCR product
was T-A cloned and the resulting plasmid, pKM-rrp6-ex2, was muta-
genized by site-directed mutagenesis to give plasmid pKM-rrp6-
cat. Site-directed mutagenesis was performed using the Stratagene
QuikChange Multi Site-Directed Mutagenesis kit according to in-
structions. Primers used are listed in Supplemental Table S3.

Construction of rrp6A, rrp6-cat, and rrp6-cat
dis3-4 mutants

The rrp6 gene was disrupted using ura5-lys7 cassette as described in
Mudge et al. (2012). ura5-lys7 was PCR amplified, with 250 nt over-
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hangs homologous to exon2 of rrpé6, from plasmid pUL57. This PCR
product was transformed into CHP1365 (kindly provided by Dr.
Charles Hoffman) using a protocol described in Bahler et al.
(1998). Cells were plated on EMM with leucine, adenine, and histi-
dine to select for ura+ lys7+ colonies resulting in the rrp6::ura5-lys7
(rrp6A) strain, JLP1704. JLP1704 was then transformed with a PCR
product from pKM-rrp6-cat generated using primers rrp6-exon2F
and rrp6-exon2R. Transformants were counter-selected on EMM
media containing 0.1% 5-FOA. Mutants were screened by colony
PCR, and sequencing the rrp6 gene. The resulting rrp6-cat mutant,
JLP1708, was crossed to the dis3-4 (ts) mutant (JT449, kindly pro-
vided by Dr. Masayuki Yamamoto, (Yamanaka et al. 2010)) and tet-
rads were dissected to obtain the rrp6-cat dis3-4 mutant (JLP1863).

Construction of TAP-tagged rrp6 and rrp6-cat alleles

TAP-tagged Rrp6 and Rrp6-cat were made by transforming strains
CHP1365 and JLP1708 with a C-terminal TAP>>KanMX cassette,
integrated at the 3’ end of the wild-type rrp6 and mutant rrp6-cat al-
lele resulting in strains JLP1840 and JLP1841.

RNA isolation and Illumina RNA-seq

RNA was extracted from cells using RiboPure Yeast kit (Ambion)
according to manufacturer’s instructions. Twenty micrograms of
total RNA was DNase-treated using Turbo DNase (Ambion). One
microliter of DNase-treated RNA was used for PCR using srp7F
and srp7R primers to ascertain whether there was no genomic
DNA contamination. The integrity of total RNA was measured using
Agilent Bioanalyzer 2100.

RNA-seq library preparation for total RNA using 3' ligation

One microgram of unfragmented total RNA was end repaired using
polynucleotide kinase. A modified oligonucleotide adapter from
the Illumina Art-Seq/Riboprofile kit was ligated to the 3’ end.
First strand ¢cDNA was made using reagents provided with this
kit. Second strand ¢cDNA was made using reagents from the
NuGen Ovation Universal RNA-seq System according to manufac-
turer’s instructions. cDNA was sonicated using a Misonix 3000 son-
icator at amplitude 60, for 10 min on ice. Following sonication, the

TABLE 3. Rrp6 target iron homeostasis mRNAs (http:/pombase.org)

Systematic 1D Name Function

SPAC1F7.07¢c fip1
SPAC1F7.08 fiol
SPAC1F8.03c str3
SPAC23G3.02¢c  sibl
SPBC1683.09c  fip1
SPBC4F6.09 stri

Iron permease Fip1

Iron transport multicopper oxidase Fiol

Siderophore-iron transporter Str3

Ferrichrome synthetase Sib1

Ferric-chelate reductase Frp1

Siderophore-iron transmembrane
transporter Str1

Ferric-chelate reductase Frp2
(predicted)

Iron/zinc ion transmembrane
transporter (predicted)

Mitochondrial iron ion transmembrane
transporter Mmt1 (predicted)

SPBC947.05¢ frp2
SPBP26C9.03c  fet4

SPCC1020.03 mmt1
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libraries were prepared using reagents and instructions from the
NuGen Ovation Universal RNA-seq system but with the following
modification. Only 5" adapter was ligated to the fragmented, end-re-
paired cDNA. The libraries were PCR amplified using forward and
reverse primers provided in the Illumina Art-Seq/Riboprofile kit.
The libraries were purified using 0.8x Ampure XP beads and se-
quenced on Illumina MiSeq.

RNA-seq library preparation for poly(A) selected RNA

Thirty micrograms of DNase-free RNA was used for poly(A) selec-
tion using the Poly(A)Purist kit (Ambion). One hundred nanograms
of poly(A) selected RNA was used as starting material for mak-
ing strand-specific cDNA-seq libraries using the Ovation Universal
RNA-Seq Library System (NuGen) according to manufacturer’s in-
structions. cDNA was sonicated using a Misonix 3000 sonicator
at amplitude 60, for 10 min on ice. Strand-specific cDNA was
PCR-amplified for 12 cycles and sequenced on Illumina MiSeq by
paired-end sequencing. All RNA-seq data from 3’ end sequencing
and poly(A) selected RNA sequencing are available in GEO (acces-
sion number: GSE74411). FPKMs for all genes were generated using
cuffdiff as described below, and are listed in the Supplemental data,
fpkm_cuffdiff.txt.

Computational methods

Clustal alignment

The Rrp6 exonuclease domain amino acid sequences from Saccha-
romyces cerevisiae, S. pombe, Drosophila melanogaster, and Homo
sapiens was aligned by Clustal X multiple sequence alignment using
default parameters (Thompson et al. 2002). Jalview was used to
visualize and annotate the results (Waterhouse et al. 2009).

Homology modeling

A homology model for S. pombe Rrp6 was created based on the crys-
tal structure of S. cerevisiae Rrp6 using http:/swissmodel.expasy.org
(Arnold et al. 2006). Pymol was used to visualize and annotate the
Rrp6 homology model.

Bowtie

Reads from total RNA libraries made by end-ligation were aligned
using Bowtie2. Reads mapping to the chromosome coordinates
corresponding to SPRRNA.51 (5.8S rRNA) were extracted using
Samtools mpileup and plotted as a bar chart.

Tophat

Reads were aligned to the S. pombe transcriptome (ASM294v2.26)
using Tophat2 (Kim et al. 2013). Discordant mapping of pairs was
not allowed and minimum and maximum intron lengths were set
to 29 and 1000, respectively (all Tophat options used will be provid-
ed upon request). The mapping did not allow for discovery of novel
intron junctions. Mapped reads were sorted and indexed using
Samtools (Li et al. 2009) and visualized on the Integrative Genomics
Viewer (IGV) (Robinson et al. 2011; Thorvaldsdottir et al. 2013).

Cuffquant, Cuffnorm, and Cuftdiff

For differential gene expression, Cuffquant was used to estimate
abundances for each transcript. To estimate correlation between
replicate experiments, Cuffnorm was used to generate normalized
fragments per kilo base per million (FPKM) by considering each
replicate as an independent sample (Trapnell et al. 2012). To deter-
mine targets of Rrp6, we used Cuffdiff (Trapnell et al. 2013) to com-
pare the transcriptomes of wild-type and rrp6A mutant by pooling
the replicate data for each sample. Cuffdiff provided the expression
level (FPKM) as well as a measure of differential expression, for each
gene in wild-type and rrp6A.

Analysis of rrp6 mutants” transcriptome and RNA target
determination

From the Cuffdiff analysis, the RNAs that accumulated significantly
in rrp6A/WT (P < 0.01) were considered Rrp6 target RNAs. Genes
with 0 FPKM in all samples were removed from our analysis. A pseu-
docount of 1 was added to FPKM of all genes in all conditions to en-
able log, transformation and ratio calculation. For the Rrp6 targets,
we determined their Rrp6-cat dependence by calculating their FPKM
ratio in rrp6-cat/rrp6A. All plots were generated using Mathematica.

Cluster

(log, FPKM mutant — log, FPKM WT) for each gene, was clustered
by hierarchical clustering with Euclidian distance as the similarity
metric using Cluster 3.0 (de Hoon et al. 2004). The clusters were
visualized and analyzed by Java TreeView (Saldanha 2004).

GO analysis was done using http:/go.princeton.edu/cgi-bin/
GOTermFinder as described in Ashburner et al. (2000).

MEME

The motif search in iron assimilation mRNAs was done using
MEME motif finder. We allowed for multiple repetitions of motifs
in each sequence. Only the CDS (including UTRs) was used for the
analysis. A similar search using the shuffled sequences of the same
genes gave a motif with a significantly higher E-value (not shown).

Western blot

Strains JLP1840 and JLP1841 were lysed according to the procedure
mentioned in Forsburg and Rhind (2006) and equal amounts of
protein from each sample were resolved by 10% SDS-PAGE.
Rrp6-TAP was detected by chemiluminescence using a 1:5000 dilu-
tion of HRP-conjugated peroxidase anti-peroxidase antibody.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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