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to PgkT mRNA. (b) The abundance of a GFP mRNA driven by the BipT promoter (black) compared to endogenous Bip1 mRNA was determined as a time
course after DTT (2 mM) addition by quantitative Northern blotting. (c) Wild type cells bearing a construct encoding the Nmt1 5" UTR, Bip1 ORF and
Bip1 3" UTR driven by the NmtT promoter were pre-treated with tunicamycin (0.25 pg/ml, 1 hr). At different time points after thiamine (15 uM) addition (to
effect transcriptional shut-off of the NmtT promoter), RNA was extracted and analyzed by Northern hybridization. Blots were probed for the Nmt1 5
UTR. Nmt1-BipT mRNA and Nmt-tBipT mRNA were quantitated and normalized to the unspecific band (asterisk). (d) RNA-sequence read density map
of the Bip1 locus derived from mRNA-enriched (ribosome depleted) RNA in wild type cells untreated or treated with DTT (2 mM DTT, 1 hr; left

panels). Data are representative of o
3" RACE (right panels). (e) Mutationa

ne of two biological replicates. Single nucleotide resolution of the 3" terminus of Bip7 mRNA determined by
I analysis of the BipT mRNA cleavage site by Northern blotting. Total RNA was extracted from wild type, Ire1A or

cells carrying mutations in the BipT 3’ UTR mRNA. Cells were treated with 2 mM DTT, 1 hr or left untreated as indicated. The fold-changes indicate
Bip1 mRNA abundance relative to that of PgkT mRNA. (f) Strand-specific, mRNA enriched (after removal of ribosomal RNA) deep-sequence analysis
of annotated ORFs (y-axis) compared to strand-specific polyA* enriched mRNA deep-sequence analysis of annotated ORFs (x-axis) (see Figure
1—source data). The plot indicates the ratio of transcript abundance in unstressed vs DT T-stressed (2 mM DTT, 1 hr) wild type cells. Symbol sizes and

colors are as described in Figure 1c.
DOI: 10.7554/eLife.00048.012

The following figure supplements are
Figure supplement 1. Northern blot

sequence.
DOI: 10.7554/eLife.00048.013

available for figure 3:

analysis of wild type cells bearing a construct expressing a fusion protein of GFP preceded by the Bip1 signal

Figure supplement 2. Sequencing read coverage of the 3'; end nucleotide positions in tBipT mRNA from derived from mRNA enriched by subtractive
hybridization against rRNA (Ribominus kit, Invitrogen kit).

DOI: 10.7554/eLife.00048.014

Mutational analysis of the cleavage site confirmed that specific sequences are required.
Mutation of G373 to C or U and its deletion together with preceding nucleotides abolished Ire1-
dependent Bip1 mRNA processing (Figure 3f). By contrast, a mutation of the preceding G370 to
C diminished cleavage only marginally (less than twofold). In all analyzed mutants of Bip7 mRNA,
UPR-induction increased abundance of the transcript approximately twofold (a level comparable
to that observed in Ire1A cells) (Figure 3a, right panel), whether processing took place or
not, perhaps due to compensatory transcriptional regulation that is independent of Ire1. For all
mutants, however, the increased abundance stayed shy of the fourfold increase observed for wild
type BipT mRNA.

As Bip1 mRNA truncation resulted in a loss of the polyA tail, this result resolves the paradox of why
Bip1 mRNA appeared to be down-regulated in the polyA* mRNA pool analyzed in Figure 1c. Indeed,
directly comparing the UPR-dependent fold-change in mRNA abundance of polyA* RNA and rRNA-
depleted total RNA uniquely positioned Bip1 sequences as an anti-correlated outlier, whereas all
other mRNAs were well correlated between the samples (Figure 3e). From these data we conclude
that, remarkably, BipT mRNA is the only stable mRNA in the cell that loses its polyA tail upon UPR
induction.

It was unexpected to find an mRNA that had lost its polyA tail to be more stable in cells.

To determine the translation proficiency of tBipT mRNA, we subjected UPR-induced cells to poly-
some profiling. These experiments confirmed that despite lacking its polyA tail, tBipT mRNA sedi-
mented in the polyribosome fractions in sucrose gradients (Figure 4a). Moreover, ribosome
footprinting demonstrated that Bip T mRNA in uninduced cells and tBip T mRNA in UPR-induced cells
were engaged with actively translating ribosomes, mapping throughout the Bip1 ORF (Figure 4b).
The larger number of reads obtained upon UPR induction correlated with the higher abundance
of tBipT mRNA. We note a significant ribosome occupancy preceding the translation start site
in both Bip1 and tBipT mRNA most likely presenting previously unrecognized small uORFs (see
Figure 4—figure supplement 1 for a zoomed-in view). The relative ribosome occupancy of these
putative uORFs did not change with UPR induction. Translation of the processed mRNA resulted in
an enhanced steady-state concentration of Bip1 protein, as shown by quantitative Western blotting
(Figure 4—figure supplement 2).

To assess the physiological consequences of this unique regulatory mechanism of Bip1 expres-
sion, we explored the growth of strains carrying a mutation of the Bip7T mRNA processing site
(ATTAACTGGTG\C). Liquid cultures of BipT mRNA mutant, that were exposed to a pulse of ER stress
(tunicamycin) and allowed to recover after washout of the drug showed a marked growth delay in early
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log phase (Figure 4c) and enhanced cell death (Figure 4d), indicating that Bip7 mRNA processing is
important for maintaining cell fitness in the face of ER stress. By contrast to cell growth in liquid cul-
ture, Bip1 mutant cells grew on UPR-inducing tunicamycin plates only marginally worse that wild type
cells (Figure 4—figure supplement 3). The importance of BipT mRNA processing, therefore, varies
with growth conditions.

Discussion

We have begun to characterize the UPR in fission yeast. To our surprise, we discovered that—by contrast
to all other eukaryotes studied to date—S. pombe does not utilize Ire1, the most ancient ER stress
sensor, to control transcription. Rather, S. pombe exclusively relies on two means of Ire1-dependent
post-transcriptional regulation to cope with ER stress:

i. Regulated Ire1-dependent mRNA decay (RIDD) of a large and highly select set of mRNAs,
all of which are predicted to be translated by membrane-bound ribosomes at the ER. The
mechanistic features of mMRNA degradation in S. pombe are highly reminiscent of RIDD
previously described in insect and mammalian cells, where it accompanies Ire1-dependent
mRNA splicing.

ii. Processing of BipT mRNA within its 3" UTR, leading to loss of its polyA tail, which—counter-
intuitively—results in its stabilization. The mechanistic features of this unprecedented mRNA
processing step resemble the initial Ire1-dependent nucleolytic step of RIDD but Bipl mRNA
then escapes further decay.

Our results shine new light on how ER homeostasis can be maintained and underscore the fascinat-
ing divergence of solutions that different species evolved to achieve this task.

The physiological role of RIDD in S. pombe

ER stress arises from insufficiencies in handling the protein-folding load in the ER lumen.
Homeostasis, therefore, can be reestablished in two principal ways: increasing the capacity of the
ER to handle the load—or decreasing the load to meet the capacity. Here we show that mRNA
decay can serve as the sole means of resolving ER stress without transcriptional up-regulation of
classical UPR target genes. The identified transcripts targeted for RIDD compose a subset of
mRNAs, all encoding proteins that reside in or traverse the secretory pathway. Being translated by
membrane-bound ribosomes, these mMRNAs are therefore in an appropriate cellular location to
meet activated Ire1.

As all proteins encoded by RIDD target mRNAs enter the ER lumen, their synthesis by definition
contributes to the burden of the ER protein folding machinery. RIDD therefore helps reduce the
protein-folding load. It is less clear however whether such reduction would have a major impact.
Indeed, a back-of-the-envelope calculation indicates that in S. pombe RIDD reduces the total protein
influx into the ER by only 15%, even under the severe ER stress conditions explored here experimen-
tally. This estimate derives from our ribosome footprinting data in normal vs ER-stressed cells: We
scored the relative translational engagement of all mRNAs encoding proteins displaying signal
sequences or transmembrane regions to estimate flux of newly synthesized polypeptides in to the ER
and calculated the impact of RIDD on this set (see Materials and methods). It is difficult to envision
how a mere 15% reduction of bulk protein flux into the ER would suffice to alleviate an otherwise
lethal ER stress.

It is possible that RIDD preferentially targets proteins that are particularly difficult to fold and
hence might have a disproportional impact on the protein folding load in the ER lumen. Indeed,
Ire1 may be localized to the vicinity of mRNAs encoding such proteins by interactions of its ER
lumenal unfolded protein sensing domain with portions of the nascent polypeptide chains that
have entered the ER lumen, as previously proposed (Hollien and Weissman, 2006; Ron, 2006).
An alternative and not mutually exclusive view poses that RIDD qualitatively changes the gene expres-
sion profile. In support of this notion, we notice that the population of RIDD target mRNAs is highly
selective. mMRNAs encoding proteins involved in lipid metabolism are highly enriched (31% of RIDD
target mRNA as compared to 6.7% in all ER-targeted mRNAs). Moreover, we find that RIDD targets
encoding proteins involved in sterol metabolism are particularly enriched (13% as compared to 1.3%).
How reduced sterol synthesis would counteract the toxic effects of ER stress remains unclear. One
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possible explanation would be that ER stress limits sterol exit through vesicular transport and a com-
pensatory reduction in sterol synthesis becomes important to sustain basic ER functions, perhaps by
maintaining appropriate membrane fluidity (Nilsson et al., 2001; Feng et al., 2003). In this way,
RIDD (akin to other degradative pathways) could adjust basic metabolic parameters in the cell
(Bernasconi et al., 2012).

RNA cleavage and recognition

Previous work strongly suggests that Ire1 is the nuclease that initiates RIDD in metazoan cells (Han
et al., 2009, Hollien et al., 2009; Cross et al., 2012). Our results provide two further lines of
evidence in support of this view: first, we show that an Ire1 RNase active site mutant, IreT(H1018N),
is unable to sustain cell growth on ER stress-inducing media. This mutation was designed to block
catalysis while retaining hydrogen-bonding interactions of the amino acid side chain. Indeed,
the equivalent single amino acid substitution in S. cerevisiae Ire1, Ire1(H1080N), reduces catalytic
activity by >105-fold. Otherwise, Ire1(H1080N) is indistinguishable from wild type Ire1, both in its
oligomerization and structural properties as determined by crystallography (Korennykh et al.,
2011). Second, we showed that cleaved RIDD target mRNAs carry a 2',3'-cyclic phosphate group,
which is a prerequisite for the ligation reaction (tRNA ligase) used in the genome-wide mapping
of mRNA ends created upon ER stress. Ire1 and tRNA endonuclease (and the Ire1-family member
RNase L found in mammalian cells) are the only cytoplasmic nucleases known to produce such
products.

In S. cerevisiae, Ire1 has a single known substrate, HacT mRNA (Niwa et al., 2005). Hac1 and
XBP1 mRNA have highly conserved and readily recognizable stem loop structures that demarcate
the splice sites. Cleavage occurs at a universally conserved G always found at position 3 in the
seven-base loop (Gonzalez et al., 1999). This information is interchangeable between species:
constructs derived from S. cerevisiae HacT mRNA are properly spliced in mammalian cells, and yeast
Ire1 recognizes and precisely cleaves XBP1T mRNA-derived substrates (Niwa et al., 1999). We
show that RIDD target mRNAs contain a short three-base UGC consensus at the Ire1 cleavage site
where cleavage occurs after the G, consistent with cleavage specificity previously assigned to Irel
(Gonzalez et al., 1999).

Thus by contrast to our understanding of the RNA-elements directing Ire1-cleavage that initiates
Hac1 and XBP1 mRNA splicing, the information that directs mRNAs into RIDD remains vastly under-
specified. By chance, UGC triplets occur much more frequently in mRNAs than Ire1 cleavage sites.
Therefore, the information that specifies an mRNA as an Ire1 substrate must require additional ele-
ments. Potential determinants may lie in sequence or secondary structure determinants that to date
have escaped bioinformatics identification. We and others note that many of the identified cleavage
sites lie in loops of potential hairpin structures (Hur et al., 2012; Oikawa et al., 2010); however, the
position of the scissile G in the loops is not conserved. These structures therefore do not provide a
structurally plausible explanation. Alternatively, Ire1’s lumenal domain may become preferentially
engaged with nascent polypeptide chains that display higher affinity and/or longer exposed peptide
sequences, thereby selecting mRNAs co-translationally by recognizing features in the encoded protein.
The concept of Ire1 recruitment, whether through interactions via the nascent chain or elements in the
mRNA per se, is supported by our finding that mutation of one cleavage site (UG\C —» UC\U) in Gas2
mRNA gives rise to cleavage at alternative sites. These data indicate that local proximity rather than the
RNA sequence surrounding the immediate cleavage site may guide substrate selection.

In order to stabilize the primary Ire1 cleavage products, we used mutant cells impaired in exosome
function catalyzing 3" > 5" RNA degradation (Anderson and Parker, 1998, Gatfield and Izaurralde,
2004). Intriguingly, we observed that Gas2 mRNA decay in Ski2A mutant strains was observed only
transiently, peaking at 30 min after ER stress induction. This kinetic behavior suggests that clearance
of Ire1-cleavage products by Ski2 may be a requirement for continued Ire1 activity. Thus, initiation of
RIDD by Ire1 and further decay may be obligatorily coupled.

Processing of Bip1 mRNA

The observation that S. pombe Bip1 mRNA changes size upon ER stress dates back to 1992 (Pidoux
and Armstrong, 1992). To date, BipT mRNA processing has not been observed in any other species.
The phenotypic observation of the mRNA size shift has been deployed many times as an ER stress
indicator (D’Alessio et al., 1999), but, surprisingly, its origin has not been investigated. As we suggest
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here, BipT mRNA is also cleaved by Ire1, yet escapes decay. The Ire1 cleavage site shares the same
features described above for RIDD target mRNAs. During ER stress-induced processing, BipT mRNA
loses a portion of its 3' UTR and polyA tail. The resulting processed tBip1 mRNA is more stable and
hence is present at an increased steady-state concentration. A plausible explanation for the increased
stability of tBipT mRNA is the loss of an RNA degron located in the severed portion of the 3’ UTR.
tBipT mRNA is actively translated with its ribosome density paralleling its increased abundance.
Although polyA tails are generally linked to stability and translational efficiency, histone mRNAs, which
likewise lack polyA tails, provide precedence for such an exception to the rule (Marzluff et al., 2008).
Histone mRNAs terminate in a well-conserved 3’ stem-loop structure, which protects from exonucleo-
lytic degradation. Proteins binding there functions akin to the polyA binding proteins found on other
mRNAs to enhance histone mRNA translation by looping back to the 5' cap structure (Sanchez and
Marzluff, 2002).

Why tBipT mRNA escapes decay remains to be explored. Possible explanations include
the presence of secondary structure elements. Indeed, we find a predicted conserved hairpin
structure at the 3’ termini of tBip1 RNAs in some fission yeasts (S. pombe, S. octosporus and
S. cryophilus); however preliminary mutational analysis failed to validate its importance for mMRNA
stability in S. pombe. An alternative possibility is that the 3" end of tBipT mRNA may be covalently
modified. Such modification would need to be restricted to the 2'-OH, because the 3'-OH group is still
accessible for modification by RNA ligase (Figure 3d). In this regard, tBipT mRNA would resemble
miRNAs, which are 2'-O-methylated, conferring resistance to degradation (Yu et al., 2005).

Our data show that BipT mRNA is the only mRNA in S. pombe in the expressed genome that is
subject to this unique regulation. Why would such a singular mechanism have evolved exclusively for
Bip1? From work in other species, Bip1 emerges as the most pleiotropically important and precisely
controlled ER chaperone (Gulow et al., 2002). Moreover, Bip1 holds a unique position in S. pombe,
where it is glycosylated (Pidoux and Armstrong, 1993). A recent comprehensive gene interaction
map revealed that Ire1 in S. pombe clusters tightly with enzymes involved in the quality control cycle of
glycosylated proteins, pointing toward a unique connection between glycosylation and ER stress (Frost
et al., 2012). By contrast, corresponding E-maps in S. cerevisiae succinctly confirm the long-appreciated
linear relationship between Ire1 and Hac1 (Schuldiner et al., 2005). One may speculate that ER stress
in S. pombe, as in other species, enhances turnover of glycosylated proteins and that the regulation of
Bip1 mRNA is beneficial to its stability by compensating for such loss (Bernasconi et al., 2012).

Conclusions

From an evolutionary angle, the UPR in S. pombe provides an intriguing example of how molecular
machines can be repurposed. While input (unfolded proteins, ER stress) and output (RNA cleavage)
have been conserved, both detail and global consequences of downstream processes have been
adapted to serve different needs. The UPR in both S. cerevisae and S. pombe fulfills a cytoprotective
role, yet the mechanisms of executing this task are opposed. In S. cerevisiae, folding capacity is
increased via transcriptional up-regulation; in S. pombe the folding load is decreased and the ER is
restructured. In metazoan cells, both modes of Ire1 activity are merged, and depending on condition and
cell type can serve different purposes. RIDD can protect cells by removing major secretory protein loads,
as it is the case in insulin secreting cells (Lipson et al., 2008), or it can serve to activate apopototic path-
ways, as it is the case in cells experiencing prolonged and unmitigated ER stress (Han et al., 2009).

It has always been puzzling how a strictly cognate system, such as the Ire1- and Hac1-mediated
UPR regulatory pathway, would have evolved. While we cannot ascertain what represents the
ancestral state, it is tempting to speculate that a broader mRNA degradation pathway preceded
the development of the more specialized splicing mechanism. The prevalence of a much broader
scope of Irel targets in S. pombe suggests that a primitive UPR may have served primarily as
an ER-localized yet promiscuous RNA degradation system. Individual mRNA substrates would
then have evolved appropriate affinities for the enzyme, rendering them more or less susceptible
substrates. In this way, the stem/loop splice sites of HAC1/XBP1 mRNAs could be the result of a
long time optimization process: duplication of the cleavage site with concomitant recruitment and
repurposing of tRNA ligase would have culminated the UPR splicing reaction. In this view, S. cerevisiae
emerges as the endpoint of an optimization process rather than an evolutionary precursor. By losing
the more ancient RIDD function of the UPR, S. cerevisiae cell would have developed to rely exclusively
on a more refined and more powerful transcriptional regulation program.
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Materials and methods

Nomenclature

The unified convention used in this manuscript for genes and proteins is based on the treatment by
Alberts, et al. in Molecular Biology of the Cell (5th edition, Garland Publishing), page xxxii. In brief, all
genes are denoted in italics with a capitalized first letter. Mutant alleles are indicated by appending a
descriptor to the gene name. Proteins are indicated in Roman letters.

Strains, plasmids and growth conditions

Standard media and genome engineering methods for fission yeast were used as described previously
(Moreno et al., 1991). Strains and plasmids used in this study are listed in Table 1. Briefly, reporter con-
structs were integrated into the LeuT locus using plasmid pJK148. Mutant alleles were integrated by the
pop-in/pop-out method using the integrative plasmid pJK210 (ura4) (Guthrie, 2004). All experiments were
carried out in yeast extract complex media (YE5S) or in Edingburgh minimal media (EMM), supplemented
with 0.225 mg/ml of L-histidine, L-leucine, L-lysine, adenine and uracil at 30°C, unless otherwise described.
For pop-in/pop-out experiments, 5-FOA media containing 1 g/| 5-fluoro-orotic acid was used.

RNA analysis

Total RNA was purified by standard hot-phenol extraction (Kohrer and Domdey, 1991). After precipi-
tation RNA samples were re-suspended in DEPC-treated water and quantified by spectrophotometry.
Northern blotting, electrophoresis, labeling, analysis and quantification were performed as described
(Ruegsegger et al., 2001).

Protein analysis

Cells were cultured in YE5S media. Between 5 and 10 OD units were collected by centrifugation
and snap-frozen. Cell pellets were thawed on ice, re-suspended in 200 pl of lysis buffer (8 M urea,
50 mM HEPES pH 7.4) and lysed in a glass bead mill (5 min at 4°C). After adding 20 pl of a 25%
SDS solution, samples were incubated at 65°C for 5 min. The lysates were collected by piercing the
bottom of the tubes with a syringe needle and clarified by re-centrifugation (1000 rpm for 10 s). Total
protein concentration was determined by a standard bichromic acid (BCA) assay (manual instruction,
Pierce Biotechnology). 10 pg of lysate per lane were electrophoresed on SDS-polyacrylamide gradient
gels (4-15%, BioRad). The separated proteins were subsequently transferred to PDVF membranes at
200 mA for 1 hr. Blots were blocked with 5% milk in Tris-buffered saline (10 mM Tris, 150 mM NaCl,
0.1% Tween-20) and incubated with primary antibodies overnight at 4°C. Antibodies and dilutions:
rabbit polyclonal anti-Kar2 (1:5000), mouse monoclonal anti-RNA polymerase Il carboxy-terminal
domain (CTD) repeat (Abcam ab817) (1:8000 dilution). Blots were washed and incubated with Li-Cor
fluorescently-coupled secondary antibodies (1:5000) for 30 min. Immunoreactive bands were identified
using a Li-Cor infrared scanner, and processed with the Odyssey software package.

Bip1 mRNA linker-ligation and 3’ rapid amplification of cDNA ends (RACE)
Total RNA (10 pg) from treated or untreated (2 mM DTT, 1 hr) WT cells were incubated with 25 units of
polynucleotide kinase (PNK) to remove 2',3'-cyclic phosphates for 1 hr at 37°C. After deactivating the
enzyme (75°C for 10 min), dephosphorylated RNA was precipitated and re-suspended in é pl DEPC-
treated water. After denaturing the RNA at 80°C for 5 min, a linker-ligation reaction was performed in the
presence of dephosporylated, denatured RNA, TARNA Ligase Il (NEB), RNase inhibitor (40 Units), DMSO,
50% PEG and 1 pg of 5' pre-adenylated linker (5’AppCTGTAGGCACCATCAAT/3ddC3', as described
(Ingolia et al., 2011). Reverse transcription was performed using a reverse complement DNA-
oligonucleotide to the linker sequence. The 3' RACE reaction was performed as described (Scotto-Lavino
et al., 2006). Nested Bip1-PCR products were purified from ethidium-agarose gels and sequenced.

gPCR analysis of Gas2 mRNA reporter

Total RNA (1 pg) was reverse-transcribed with random hexamers. 1% of the resulting cDNAs was employed
for real-time PCR reactions utilizing SYBR green. The reactions were run and analyzed in a DNA Engine
OPTICON 2 using the BioRad Opticon Monitor 3.0 software.

Kimmig et al. eLife 2012;1:e00048. DOI: 10.7554/eLife.00048 14 of 20


http://dx.doi.org/10.7554/elife.00048

e LI FE Research article

Cell biology
Table 1. Strains and plasmids used in this study
Strain Description
yPKOO1 WT
yPK002 Ire1A
yPK003 Ire1(H1018N)
yPK004 Ski2A
yPKO005 Ski2A Ire1A
yPK006 Bip1 (CTCGTG\C)
yPKO0O07 Bip1 (CTGGTC\C)
yPK008 Bip1 (CTGGTT\C)
yPK009 Bip1 (AACTGGTG\C)
yPKO10 Bip1 (ATTAACTGGTG\C)
Plasmid Description Marker
pPKO001 pJK148::pNda2::Gas2::Nda2 3UTR Leut
pPKO002 pJK148::pBip1::GFP::Nmt1 3UTR Leut
pPK003 pJK148::pNmt1+5 UTR::Bip1(ORF)::Bip1 3UTR Leul
pPKO04 pJK148::pNmt1::ss(Bip1)::GFP::Bip1 3UTR Leut

DOI: 10.7554/eLife.00048.020

Growth assay and colony forming unit assay for Bip1 3' UTR mutant

WT and Bip I(ATTAACTGGTGC) mutant cells were grown overnight in (YE5S) media. The next morning
cultures were diluted and grown until they reached an OD of 0.25. ER-stress was induced with tuni-
camycin as indicated. After 3 hr, stressed cells were washed four times with pre-warmed YES5 media
to remove the drug, the culture was readjusted to an OD of 0.25, and incubated in a 24 well plate
(1 ml per well) over 32 hr at 32°C. The OD was measured every 10 min in a microplate reader (Synergy
4 BioTeK). The colony forming unit assay was performed by plating washed cells at different dilutions
on solid media (YE5S) and incubated for 3 days at 30°C. Colonies were counted from the dilutions
series. Untreated cells served as a control.

Bip1 mRNA half-life measurement

To determine the half-life of Bip7 mRNA, we constructed an integrative plasmid (pJK148) containing
the open reading frame and 3’ UTR of Bip7 mRNA under the control of a thiamine-regulated Nmt1
promoter. The construct included the Nmt1 5" UTR. Cells were grown in EMM complete media (with-
out any thiamine) for 24 hr. Cells were then diluted into fresh EMM complete media and re-grown to
an OD of 0.3. After inducing ER stress with tunicamycin (0.25 pg/ml) for 1 hr, thiamine was added to
15 pM to block transcription of the Nmt1 promoter (Maundrell, 1990). Samples were processed at
indicated time points and subjected to Northern blot analysis. A DNA probe complementary to the 5'
UTR of nmt1 was used for detection.

RNA-deep-sequencing sets

Figure 1—source data 1:

e oligo-dT-enriched mRNA set | (including: WT, WT +DTT (2 mM, 1 hr) and IrelA+DTT (2 mM, 1 hr))
e oligo-dT-enriched mRNA set Il (including: WT, WT +DTT (2 mM, 1 hr) and (2 mM, 1 hr))
e total (-depleted rRNA) RNA set | (including: WT, WT +DTT (2 mM, 1 hr)
e total (-depleted rRNA) RNA set Il (including: WT, WT +DTT (2 mM, 1 hr) and IrelA+DTT
(2 mM, 1 hr))

Figure 2—source data 1:

e 2',3'-cyclic phosphate 3'end mapping setl (Ski2A (2 mM DTT, 30 min) IrelA Ski2A (2 mM DTT,
30 min))
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RNA isolation for deep-sequencing library

As indicated, one of three methods was utilized to isolate RNA with specific chemical properties:
polyA* tail enrichment, rRNA depletion, or 3’ end 2',3'-cyclic phosphate enrichment. Total RNA was
prepared from cells by the hot acid phenol method (Kohrer and Domdey, 1991), and subsequent
enrichment performed. PolyA* mRNA was purified by two sequential rounds of enrichment using
oligo-dT DynaBeads (Invitrogen) according to the manufacturer’s instructions. rRNA depletion was
performed by first depleting all abundant RNAs smaller than 200 nt using the modified protocol for
isolating only large RNAs provided in the mirVana miRNA Purification Kit (Ambion) followed by two
rounds of subtractive hybridization using the Ribominus Eukaryote Kit for RNA-Seq (Invitrogen),
according to the manufacturer’s instructions. To sequence 2',3'-cyclic-phosphate cleavage products
purified tRNA ligase (a kind gift from J.R. Hesselberth) was used to selectively ligate an RNA linker to
all 2',3"-cyclic phosphates in total RNA as previously described (Schutz et al., 2010). PolyA*-enriched
and rRNA-depleted samples were randomly fragmented under basic conditions, precipitated by
standard methods, and ~50 nt fragments were size-selected by polyacrylamide gel electrophoresis as
described in Ingolia et al. (2009).

Ribosome footprint isolation for polysome profile and deep-sequencing
library

Ribosome footprints were isolated as described in Ingolia et al. (2009), with minor modifications.
Briefly, 750 ml mid-log yeast cultures (+ 30 min 2 mM DTT treatment) were harvested by filtration
without the addition of cycloheximide, and were immediately flash frozen. Frozen cells were cryogenically
lysed in the presence of 3 ml of frozen polysome lysis buffer (20 mM Tris pH 8.0, 140 mM KCI, 1.5 mM
MgCl,, 100 pg/ml cycloheximide, 1% Triton) on a Retsch MM301 mixer mill, and thawed lysates were
subsequently clarified by centrifugation as described. ~50 Ay, units of clarified lysate was treated with
750 U of E. coli RNase | (Ambion) for 1 hr on ice to minimize 80S degradation. Monosomes were col-
lected from sucrose density gradients (10-50% wt/vol, prepared in polysome lysis buffer: 20 mM Tris
pH 8.0, 140 mM KCI, 5 mM MgCl,, 100 pg/ml, cycloheximide, 0.5 mM DTT, 20 U/ml SUPERase:In) as
described, and undigested control samples were loaded to generate polysome profiles shown in
Figure 4b. RNA from monosome or polysome fractions was isolated using the hot acid phenol method.
For ribosome profiling, 28-34 nt RNA fragments from the monosome fraction were size-selected by
gel electrophoresis as described above.

Library preparation

Deep sequencing libraries were constructed as described in Ingolia et al. (2011). Briefly, size-selected
mRNA (polyA* and -rRNA) or ribosome footprints were 3'-dephosphorylated with T4 polynucleotide
kinase (NEB). 3'-dephosphorylated RNA was ligated to a preadenylated miRNA cloning linker
(IDT, Linker 1) using T4 RNI2(tr) (NEB) rather than enzymatically polyadenylated. Subtractive hybridiza-
tion of rRNA contaminants was not performed. Ligated samples were directly reverse transcribed
using SuperScriptlll (Invitrogen), circularized using CircLigase (Epicenter), and PCR amplified.

General RNA-sequencing data processing

Data from deep-sequencing analyses of total (-ribosomal RNA) RNA, polyA* enriched mRNA and
ribosome foot-printing were collected and the resulting sequences were aligned using the following
method: the linker sequences at the 3’ ends were removed prior to alignment using SOAP2.20, allow-
ing a maximum of two total mismatches (Li et al., 2009). Ribosome footprint reads were assigned to
a specific A-site nucleotide by an offset of +15 from 5’ end of the read (only for ribosome foot-printing
data set). All reads aligned to rRNA and tRNA were removed. To align intron-exon junction reads, all
reads with no alignment against S. pombe genomics sequences were re-aligned against a sequence
library of S. pombe processed protein-coding transcripts. All the alignments were performed against
the most recent version of the S. pombe genome (the www.genedb.org/genedb/pombe/). The raw
sequencing data will be available for download at NCBI GEO.

Quantification of mMRNA abundance

Biological replicates (set | and set Il, where available) were combined to increase read coverage. After
combining sets, MRNA (ORF) transcripts with fewer than 100 reads before normalization were excluded.
Next, the passed mRNAs (ORF) were normalized to reads per million total reads (rpM). Because the
total number of reads may not reflect the total RNA production correctly (Robinson and Oshlack,
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Table 2. Ribosomes footprints of MRNAs encoding protein predicted to enter the ER
All ER-targeted mRNAs ribosome
occupancies (N=1014 mRNAs) rpkm Ration normalized to WT-DTT %
WT (-DTT) 83,540 1 100
WT(+DTT) 71,996 0.8618147 86.18146995
Ire1A(+DTT) 90,166 1.079315298 107.9315298

rokm: reads per kilo-base of transcript per million reads.
DOI: 10.7554/eLife.00048.021

2010), the observed count for gene g in condition k need to be normalized to the total RNA produc-
tion to calculate the fold-change between two conditions. We used the following method to estimate
the correct RNA abundance for given RPM values. Given conditions k and r, we calculated the expected
RNA azEkuC;:ISnfbe )of condition k given the RPM value in condition r with the following equation:
Xk,r,g = e k,r'

X.g is the RPM value for gene g in the reference condition, x4 is expected RPM estimated with
linear regression between the RPM values from condition k and r. a,, and b, are the coefficients of the
linear regression where _ _ Z(Yk,g “Y g =Y, b, =Y, —a,,Y,inwhich Yig = log,(x,q): Yog =10g,(x,4).

Y =YY= Y)

. . . _ ke
For the above linear regression, genes with M, = 210 0r 20.1yere removed from the data set
rg Xk
to estimated a,, and b,,. The fold change between condition k and r is then calculated as: Fgy,, = —

Xk,r,g
which is the RPM value for gene g under condition k divided by the expected RPM estimated above.

2',3'-cyclic phosphate 3' end RNA mapping and Ire1 cleavage site motif
determination

Sequence read alignments from the 2',3'-cyclic phosphate mapping data were performed as for the
RNA-Seq reads described above. The design of the library (3' end mapping) made it necessary to align
the reads to the opposed strand of the gene. To map putative Ire1-dependent cleavage sites with high
stringency, we identified the positions within each transcript containing more than four reads in RNA
derived from the Ski2A sample and zero reads in RNA derived from the Ire 1A Ski2A sample. We identi-
fied by this method 4027 putative Ire1-dependent cleavage sites in the genome. By using a less stringent
criterion (by taken the ration between Ski2A sample and Ire 1A Ski2A sample: we allowed a ratio of 5 or
more). By this criterion we identified 4134 putative Ire1-dependent cleavage sites. The overlap between
the two methods is 97%. We continued our analysis with the more stringent criteria of only allowing zero
reads in Ire1A Ski2A sample. To identify an overrepresented consensus sequence, we first extended the
sequences 9 nt upstream and downstream of the potential cleavage sites. Furthermore, we used a posi-
tion weight matrix (PWM), which was generated from these sequences by weighting each sequence with
the reads from the Ski2A sample. By using all annotated genes and the corresponding putative cleavage
sites, we could not identify overrepresented sequences. The same held true for the ER-target mRNAs set
(N=1014). By contrast, a strong consensus motif (Figure 2e) emerged when we mapped the putative
cleavage sites in our set of 39 Ire1- and ER stress-dependently twofold down-regulated transcripts.

Estimation of protein flux into the ER

We scored ribosome footprint reads per kilobase (to normalize for length of open reading frames) per
million reads (to compare different conditions) for the set of mMRNAs, encoding proteins predicted to
enter the ER as described above (see Table 2).

Acknowledgements

We thank Diego Acosta-Alvear, Brooke Gardner, Benoit Kornmann, David Pincus and colleagues for
their help and discussion. We also thank the members of the Walter lab for critical comments on the
manuscript. We are grateful to S. Forsburg and N. Krogan for providing strains and plasmids, and to
J.R. Hesselberth for the kind gift of purified tRNA ligase, reagents and valuable advice. We thank the
UCSF CAT facility in particular Clement Chu for assisting with sequencing.

Kimmig et al. eLife 2012;1:e00048. DOI: 10.7554/eLife.00048 17 of 20


http://dx.doi.org/10.7554/elife.00048
http://dx.doi.org/10.7554/elife.00048.021

e LI FE Research article

Cell biology

Additional information

Funding

Funder Author
Howard Hughes Medical ~ Peter Walter
Institute

National Science Marcy Diaz
Foundation

The funders had no role in study design, data collection and
interpretation, or the decision to submit the work for
publication.

Author contributions

PK, Conception and design, Analysis and interpretation of data, Drafting or revising the article; MD,
Conception and design, Analysis and interpretation of data, Drafting or revising the article; JZ,
Analyzed the genomics data; performed statistical analysis; CCW, Conception and design; AL,
Conception and design; TA, Performed bioinformatics analyses; HL, Analyzed the genomics data;
performed statistical analysis; PW, Conception and design, Analysis and interpretation of data,
Drafting or revising the article.

Additional files

Major datasets

The following datasets were generated

Dataset ID Database, license, and
Author(s) Year Dataset title and/or URL accessibility information
Kimmig P, Diaz M, 2012 The unfolded protein GSE40298; http://www. In the public domain at
Zheng J, Williams C, response in fission ncbi.nlm.nih.gov/geo/  GEO: http://www.ncbi.nlm.
Lang A, Aragdn T, yeast modulates stability query/acc.cgi? nih.gov/geo/
Li H, Walter P of select mRNAs to acc=GSE40298

maintain protein homeostasis

Reporting standards: Microarray data were deposited in the NCBI Gene Expression Omnibus (GEO)
repository

References

Anderson JS, Parker RP. 1998. The 3’ to 5' degradation of yeast mRNAs is a general mechanism for mRNA
turnover that requires the SKI2 DEVH box protein and 3’ to 5’ exonucleases of the exosome complex. EMBO J
17: 1497-1506. Epub 1998 Apr 18.

Bernasconi R, Galli C, Noack J, Bianchi S, de Haan CA, Reggiori F, et al. 2012. Role of the SEL1L: LC3-I complex
as an ERAD tuning receptor in the mammalian ER. Mol Cell 46: 809-819. Epub 2012 May 24.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, et al. 2002. IRE1 couples endoplasmic reticulum
load to secretory capacity by processing the XBP-1 mRNA. Nature 415: 92-96. Epub 2002 Jan 10.

Cox JS, Walter P. 1996. A novel mechanism for regulating activity of a transcription factor that controls the
unfolded protein response. Cell 87: 391-404. Epub 1996 Nov 01.

Cox JS, Shamu CE, Walter P. 1993. Transcriptional induction of genes encoding endoplasmic reticulum resident
proteins requires a transmembrane protein kinase. Cell 73: 1197-1206. Epub 1993 Jun 18.

Cross BC, Bond PJ, Sadowski PG, Jha BK, Zak J, Goodman JM, et al. 2012. The molecular basis for selective
inhibition of unconventional mRNA splicing by an IRE1-binding small molecule. Proc Natl Acad Sci U S A 109:
E869-E878. Epub 2012 Feb 06.

D’Alessio C, Fernandez F, Trombetta ES, Parodi AJ. 1999. Genetic evidence for the heterodimeric structure of
glucosidase II. The effect of disrupting the subunit-encoding genes on glycoprotein folding. J Biol Chem 274:
25899-25905. Epub 1999 Aug 28.

Feng B, Yao PM, Li Y, Devlin CM, Zhang D, Harding HP, et al. 2003. The endoplasmic reticulum is the site of
cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol 5: 781-792. Epub 2003 Aug 10.

Frost A, Elgort MG, Brandman O, Ives C, Collins SR, Miller-Vedam L, et al. 2012. Functional repurposing revealed
by comparing S. pombe and S. cerevisiae genetic interactions. Cell 149: 1339-1352. Epub 2012 Jun 12.

Kimmig et al. eLife 2012;1:e00048. DOI: 10.7554/eLife.00048 18 of 20


http://dx.doi.org/10.7554/elife.00048
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40298
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40298
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40298
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40298
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/

e LI FE Research article

Cell biology

Gardner BM, Walter P. 2011. Unfolded proteins are Ire1-activating ligands that directly induce the unfolded
protein response. Science 333: 1891-18%94. Epub 2011 Aug 18.

Garneau NL, Wilusz J, Wilusz CJ. 2007. The highways and byways of mRNA decay. Nat Rev Mol Cell Biol 8:
113-126. Epub 2007 Jan 25.

Gatfield D, Izaurralde E. 2004. Nonsense-mediated messenger RNA decay is initiated by endonucleolytic
cleavage in Drosophila. Nature 429: 575-578. Epub 2004 Jun 04.

Gonzalez TN, Sidrauski C, Dorfler S, Walter P. 1999. Mechanism of non-spliceosomal mRNA splicing in the
unfolded protein response pathway. EMBO J 18: 3119-3132. Epub 1999 Jun 05.

Gulow K, Bienert D, Haas IG. 2002. BiP is feed-back regulated by control of protein translation efficiency. J Cell
Sci 115(Pt 11): 2443-2452. Epub 2002 May 15.

Guthrie C & Fink GR, eds. 2004. Guide to yeast genetics and molecular biology, Part A, Methods Enzymol 194.
Elsevier Academic Press, London.

Han D, Lerner AG, Vande Walle L, Upton JP, Xu W, Hagen A, et al. 2009. IRE1alpha kinase activation modes control
alternate endoribonuclease outputs to determine divergent cell fates. Cell 138: 562-575. Epub 2009 Aug 12.

Hetz C. 2012. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat
Rev Mol Cell Biol 13: 89-102. Epub 2012 Jan 19.

Hollien J, Weissman JS. 2006. Decay of endoplasmic reticulum-localized mRNAs during the unfolded protein
response. Science 313: 104-107. Epub 2006 Jul 11.

Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS. 2009. Regulated Ire1-dependent decay of messenger
RNAs in mammalian cells. J Cell Biol 186: 323-331. Epub 2009 Aug 03.

Hooks KB, Griffiths-Jones S. 2011. Conserved RNA structures in the non-canonical Hac1/Xbp1 intron. RNA Biol
8: 552-556. Epub 2011 Jul 01.

Hur KY, So JS, Ruda V, Frank-Kamenetsky M, Fitzgerald K, Koteliansky V, et al. IRE1alpha activation protects mice
against acetaminophen-induced hepatotoxicity. J Exp Med 2012;209: 307-318. Epub 2012 Jan 30.

Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. 2009. Genome-wide analysis in vivo of translation with
nucleotide resolution using ribosome profiling. Science 324: 218-223. Epub 2009 Feb 12.

Ingolia NT, Lareau LF, Weissman JS. 2011. Ribosome profiling of mouse embryonic stem cells reveals the
complexity and dynamics of mammalian proteomes. Cell 147: 789-802. Epub 2011 Nov 03.

Kohrer K, Domdey H. 1991. Preparation of high molecular weight RNA. Methods Enzymol 194: 398-405. Epub
1991 Jan 01.

Korennykh AV, Egea PF, Korostelev AA, Finer-Moore J, Zhang C, Shokat KM, et al. 2009. The unfolded protein
response signals through high-order assembly of Ire1. Nature 457: 687-693. Epub 2008 Dec 14.

Korennykh AV, Korostelev AA, Egea PF, Finer-Moore J, Stroud RM, Zhang C, et al. 2011. Structural and
functional basis for RNA cleavage by Ire1. BMC Biol 9: 47. Epub 2011 Jul 06.

Lee AH, Heidtman K, Hotamisligil GS, Glimcher LH. 2011. Dual and opposing roles of the unfolded protein
response regulated by IRE1alpha and XBP1 in proinsulin processing and insulin secretion. Proc Natl Acad Sci
US A108: 8885-8890. Epub 2011 May 09.

Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, et al. 2009. SOAP2: An improved ultrafast tool for short read
alignment. Bioinformatics 25: 1966-1967. Epub 2009 Jun 03.

Lipson KL, Ghosh R, Urano F. 2008. The role of IRE1alpha in the degradation of insulin mRNA in pancreatic
beta-cells. PLoS One 3: e1648. Epub 2008 Feb 21.

Marzluff WF, Wagner EJ, Duronio RJ. 2008. Metabolism and regulation of canonical histone mRNAs: Life without
a poly(A) tail. Nat Rev Genet 9: 843-854. Epub 2008 Oct 18.

Maundrell K. 1990. nmt1 of fission yeast. A highly transcribed gene completely repressed by thiamine. J Biol
Chem 265: 10857-10864. Epub 1990 Jul 05.

Moreno S, Klar A, Nurse P. 1991. Molecular genetic analysis of fission yeast Schizosaccharomyces pombe.
Methods Enzymol 194: 795-823.

Mori K, Ma W, Gething MJ, Sambrook J. 1993. A transmembrane protein with a cdc2+/CDC28-related kinase
activity is required for signaling from the ER to the nucleus. Cell 74: 743-756. Epub 1993 Aug 27.

Nilsson I, Ohvo-Rekila H, Slotte JP, Johnson AE, von Heijne G. 2001. Inhibition of protein translocation across the
endoplasmic reticulum membrane by sterols. J Biol Chem 276: 41748-41754. Epub 2001 Sep 04.

Niwa M, Sidrauski C, Kaufman RJ, Walter P. 1999. A role for presenilin-1 in nuclear accumulation of Ire1
fragments and induction of the mammalian unfolded protein response. Cell 99: 691-702. Epub 2000 Jan
05.

Niwa M, Patil CK, DeRisi J, Walter P. 2005. Genome-scale approaches for discovering novel nonconventional
splicing substrates of the Ire1 nuclease. Genome Biol 6: R3. Epub 2004 Dec 22.

Oikawa D, Tokuda M, Hosoda A, lwawaki T. 2010. Identification of a consensus element recognized and cleaved
by IRE1 alpha. Nucleic Acids Res 38: 6265-6273. Epub 2010 May 27.

Pavitt GD, Ron D. 2012. New insights into translational regulation in the endoplasmic reticulum unfolded protein
response. Cold Spring Harb Perspect Biol 4. pii: a012278. Epub 2012 Apr 25.

Pidoux AL, Armstrong J. 1992. Analysis of the BiP gene and identification of an ER retention signal in
Schizosaccharomyces pombe. EMBO J 11: 1583-1591. Epub 1992 Apr 01.

Pidoux AL, Armstrong J. 1993. The BiP protein and the endoplasmic reticulum of Schizosaccharomyces pombe:
fate of the nuclear envelope during cell division. J Cell Sci 105(Pt 4): 1115-1120. Epub 1993 Aug 01.

Robinson MD, Oshlack A. 2010. A scaling normalization method for differential expression analysis of RNA-seq
data. Genome Biol 11: R25. Epub 2010 Mar 02.

Ron D. 2006. Cell biology. Stressed cells cope with protein overload. Science 313: 52-53. Epub 2006 Jul 11.

Kimmig et al. eLife 2012;1:e00048. DOI: 10.7554/eLife.00048 19 of 20


http://dx.doi.org/10.7554/elife.00048

e LI FE Research article

Cell biology

Ruegsegger U, Leber JH, Walter P. 2001. Block of HAC1 mRNA translation by long-range base pairing is released
by cytoplasmic splicing upon induction of the unfolded protein response. Cell 107: 103-114. Epub 2001 Oct 12.

Sanchez R, Marzluff WF. 2002. The stem-loop binding protein is required for efficient translation of histone
mRNA in vivo and in vitro. Mol Cell Biol 22: 7093-7104. Epub 2002 Sep 21.

Schuldiner M, Collins SR, Thompson NJ, Denic V, Bhamidipati A, Punna T, et al. 2005. Exploration of the function
and organization of the yeast early secretory pathway through an epistatic miniarray profile. Cell 123: 507-519.
Epub 2005 Nov 05.

Schutz K, Hesselberth JR, Fields S. 2010. Capture and sequence analysis of RNAs with terminal 2',3'-cyclic
phosphates. RNA 16: 621-631. Epub 2010 Jan 14.

Scotto-Lavino E, Du G, Frohman MA. 2006. 3" end cDNA amplification using classic RACE. Nature Protoc 1:
2742-2745. Epub 2007 Apr 05.

Shore GC, Papa FR, Oakes SA. 2011. Signaling cell death from the endoplasmic reticulum stress response. Curr
Opin Cell Biol 23: 143-149. Epub 2010 Dec 09.

Sidrauski C, Cox JS, Walter P. 1996. tRNA ligase is required for regulated mRNA splicing in the unfolded protein
response. Cell 87: 405-413. Epub 1996 Nov 01.

Tabas I, Ron D. 2011. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat Cell
Biol 13: 184-190. Epub 2011 Mar 03.

Walter P, Ron D. 2011. The unfolded protein response: from stress pathway to homeostatic regulation. Science
334: 1081-1086. Epub 2011 Nov 26.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. 2001. XBP1 mRNA is induced by ATFé and spliced by
IRE1 in response to ER stress to produce a highly active transcription factor. Cell 107: 881-891. Epub 2002
Jan 10.

Yu B, Yang Z, Li J, Minakhina S, Yang M, Padgett RW, et al. 2005. Methylation as a crucial step in plant microRNA
biogenesis. Science 307: 932-935. Epub 2005 Feb 12.

Kimmig et al. eLife 2012;1:e00048. DOI: 10.7554/eLife.00048 20 of 20


http://dx.doi.org/10.7554/elife.00048

