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Abstract Upon endoplasmic reticulum (ER) stress, the transmembrane endoribonuclease Irela
performs mRNA cleavage reactions to increase the ER folding capacity. It is unclear how the low
abundant Ire1a efficiently finds and cleaves the majority of mRNAs at the ER membrane. Here, we
reveal that Ire1a forms a complex with the Sec61 translocon to cleave its mMRNA substrates. We show
that Ire1a’s key substrate, XBPTu mRNA, is recruited to the Ire1a-Secé1 translocon complex through
its nascent chain, which contains a pseudo-transmembrane domain to utilize the signal recognition
particle (SRP)-mediated pathway. Depletion of SRP, the SRP receptor or the Secé1 translocon in cells
leads to reduced Irela-mediated splicing of XBP1u mRNA. Furthermore, mutations in Irela that
disrupt the Irela-Sec61 complex causes reduced Irela-mediated cleavage of ER-targeted mRNAs.
Thus, our data suggest that the Unfolded Protein Response is coupled with the co-translational
protein translocation pathway to maintain protein homeostasis in the ER during stress conditions.
DOI: 10.7554/eLife.07426.001

Introduction
Secretory and transmembrane proteins are essential for linking intracellular trafficking and
extracellular environments and, in metazoans, play broad roles in all aspects of intracellular
communication. These proteins contain either a signal sequence or transmembrane domain (TMD)
that is co-translationally captured by the SRP and targeted to the endoplasmic reticulum (ER)
membrane (Akopian et al., 2013). At the ER membrane, the Sec61 translocon facilitates insertion or
translocation of these polypeptides into the ER membrane (Park and Rapoport, 2012). The ER
contains a network of chaperones and enzymes to assist in folding proteins into their native
conformations (Braakman and Bulleid, 2011). When the influx of nascent polypeptides exceeds the
ER protein folding capacity, misfolded proteins accumulate in the ER and lead to ER stress. Under ER
stress, signaling pathways, collectively termed the Unfolded Protein Response (UPR), are activated to
restore ER homeostasis (Walter and Ron, 2011). The activation of the UPR leads to various cellular
processes that include: transcriptional upregulation of UPR target genes, attenuation of translation,
activation of ER associated degradation, and ER expansion. However, if ER homeostasis cannot be
restored, the UPR induces cell death pathways to eliminate non-functional cells (Walter and Ron,
2011). The significance of the UPR is underscored by the fact that aberrations in UPR signaling can
lead to a multitude of diseased states including neurological disorders, diabetes, and inflammatory
disorders (Wang and Kaufman, 2012). In solid tumors, the UPR is constitutively activated as an
adaptive response pathway for survival under adverse conditions, such as hypoxia (Wang and
Kaufman, 2012).

Several ER transmembrane proteins act as ER stress sensors (Walter and Ron, 2011). The most
ancient member of these, inositol-requiring enzyme 1 (Ire1), is conserved from yeast to mammals
(Cox et al., 1993; Mori et al., 1993). Ire1 contains an ER luminal domain involved in sensing misfolded
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elLife digest Proteins are made up of long chains of smaller building blocks called amino acids.
To build this chain, a molecule called mRNA is ‘translated’ into the sequence of amino acids by

a molecular machine called a ribosome. In order to work, the protein chain must then be folded into
a complex shape. For many proteins, this happens inside a cell compartment called the endoplasmic
reticulum.

Newly made proteins are guided to the endoplasmic reticulum by ‘signal recognition particles’,
and then enter the endoplasmic reticulum through a channel protein called Sec61. If too many
protein chains arrive at once, or they are folded too slowly, the accumulation of unfolded proteins
can stress the endoplasmic reticulum. To fix this, cells trigger a process called the unfolded protein
response.

In mammals, an enzyme called Ire1a detects when the endoplasmic reticulum is becoming
stressed and responds by cleaving mRNA molecules. One particular target of Irela is the mRNA
molecule that encodes a protein called XBP1, which can activate hundreds of genes to increase the
size—and hence reduce the stress—of the endoplasmic reticulum. This protein is only made if
a section of the mRNA molecule is removed from it; thus, by cleaving the mRNA, Ire1a enables the
protein to be made. It remains unknown, however, how Irela finds and cleaves its mRNA targets.

Plumb, Zhang et al. identified the proteins that bind to Irela in human cells, and found that the
Sec61 channel is one such protein. This interaction localizes Ire1a to the Secé61 channel in the
endoplasmic reticulum membrane. The XBP1 protein is then brought to this channel by a signal
recognition particle while it is still being translated—that is, when it is still attached to the ribosome
and its mRNA molecule. Ire1a can then cleave the XBP1 mRNA. In cells that lack the signal
recognition particle or the Secé1 channel protein, Irela cannot efficiently cleave the XBP1 mRNA
molecule. In addition, if Irela is unable to interact with the channel protein, it does not efficiently
cleave mRNA molecules at the endoplasmic reticulum membrane.

This work establishes a new link between the unfolded protein response and the pathway that
brings new proteins to the endoplasmic reticulum membrane. It provides a basis for future studies
examining the details of Ire1a signaling in mammals and, in particular, work investigating the
mechanism of insulin mMRNA cleavage by Ire1a, which has been implicated in type 2 diabetes.

DOI: 10.7554/elife.07426.002

proteins and cytoplasmic kinase/RNase domains, which are involved in the activation of downstream
pathways. Mammals have two Ire1 paralogs, Ire1a and Ire1p. While Irela is a ubiquitously expressed
gene, Ire1p expression is restricted to the gastrointestinal tract (Tirasophon et al., 1998; Wang et al.,
1998). Upon ER stress, the Ire1a RNase domain is activated by self-oligomerization and subsequently
excises a 26 base intron from the cytosolic unspliced form of XBP1u mRNA (Yoshida et al., 2001,
Calfon et al., 2002). The resulting mRNA fragments are ligated in the cytosol by RtcB ligase
generating the spliced form of XBP1 mRNA (Jurkin et al., 2014; Kosmaczewski et al., 2014,
Lu et al., 2014). The Irela mediated splicing step is critical for mounting the UPR, as only the spliced
XBP1 mRNA produces an active transcription factor that induces hundreds of genes responsible for
increasing ER abundance to accommodate the demand for protein production (Shaffer et al., 2004,
Sriburi et al., 2004; Acosta-Alvear et al., 2007). In addition to XBP1 mRNA splicing, Irela also
reduces the load of incoming proteins by cleaving ER-localized mRNAs in a process termed regulated
Ire1-dependent decay (RIDD) (Hollien and Weissman, 2006; Han et al., 2009; Hollien et al., 2009).
While considerable attention has been paid to the mechanism of Ire1a activation, little is known about
how the low abundant Ire1a efficiently finds and cleaves its mRNA substrates during ER stress. Recent
studies have shown that XBP1u mRNA is recruited to the ER membrane through its nascent chain, but
the components involved in the specific recruitment of XBP1u mRNA to the Ire1a cleavage site in the
ER membrane remain unidentified.

In this study, we have discovered a complex between Ire1a and the Secé1 translocon channel in the
ER membrane. We show that this interaction is specific by identifying key residues in Ire1a, and that it
is stable even during ER stress conditions. Surprisingly, we find that a hydrophobic region in the
XBP1u protein mimics a TMD and is co-translationally captured by the signal recognition particle
(SRP). The SRP bound XBP1u-ribosome nascent chain (RNC) is then delivered to the Secé1 translocon
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where its MRNA engages with Irela. Despite its interaction with the Secé1 translocon, the XBP1u
nascent chain inefficiently inserts into the ER membrane due to its weak hydrophobic region.
Furthermore, siRNA mediated depletion of SRP, the SRP receptor or the Secé1 translocon in human
cells impairs the Irela-mediated splicing of XBP1u mRNA. Mutations in Irela that disrupts its
association with the Secé1 translocon lead to reduced Irela-mediated cleavage of ER-targeted
mRNAs. Over all, our studies establish an important link between the UPR and the co-translational
protein translocation pathway, which ensures efficient cleavage of ER-targeted mRNAs during ER
stress conditions.

Results

Ire1a is in a complex with the Secé1 translocon

To investigate how the low abundant Irela efficiently finds and cleaves its mRNA substrates, we
searched for Irela associated proteins that could facilitate interactions with its mMRNA substrates. To
this end, we performed immunoaffinity purification from detergent solubilized microsomes derived
from HEK 293 cells expressing hemagglutinin (HA)-tagged Irela. The affinity-purified material was
subjected to SDS-polyacrylamide gel electrophoresis and bands not present in the control were
subjected to analysis by mass spectrometry. Remarkably, in addition to a known Irela interacting
protein, BiP (Bertolotti et al., 2000), we identified all three subunits of the Secé1 translocon (Sec61a,
Sec61p, and Sec61y) and Secé3 (Figure 1A and Figure 1—figure supplement 1). We were intrigued
by the interaction between the Secé1 translocon and Irela since we reasoned that it could facilitate
Ire1a access to RIDD mRNA substrates (Hollien and Weissman, 2006) that are targeted to the Secé1
translocon via their nascent chains. To determine if this interaction occurs at endogenous levels of
Irela and the Sec61 translocon, we co-immunoprecipitated the endogenous Secé1 translocon from
a detergent cell extract of non-transfected HEK 293 cells using Sec61f antibodies. We could detect
a significant amount of endogenous Irela precipitating with Secé1p and Secé1a by immunoblotting
(IB) (Figure 1B). Furthermore, immunodepletion of the Secé1 translocon nearly quantitatively
depleted the endogenous Irelq, indicating that almost all Irela is in a complex with the Secé1
translocon in cells (Figure 1—figure supplement 2). Interestingly, this interaction remained stable
even after treatment of cells with the ER stress inducer DTT, which impairs protein folding by
preventing disulfide bond formation in the ER lumen (Figure 1B). These results implied that Irela
interaction with the Secé1 translocon might be functionally important during the conditions of ER
stress. We further verified that the Secé1 translocon selectively associated with Ire1a, but not with the
Irela paralogue Ire1p or with the other ER stress sensors PERK (Harding et al., 1999, Sood et al.,
2000) and ATFé6a (Haze et al., 1999) (Figure 1C). To determine whether the Ire1a interaction with the
Secé1 translocon is direct, we treated HA-tagged Irela expressing cells with a lysine-reactive
reversible crosslinker, DSP. After quenching the crosslinker, the complex was denatured in urea and
SDS, which dissociates noncovalently bound proteins, and immunoprecipitated (IP) with HA
antibodies. The resulting IP was treated with DTT to reverse the crosslinking and analyzed by IB.
The a subunit of the Secé1 translocon could be crosslinked with Irela, as judged by the increase in
Sec61a signal with increasing concentration of crosslinker (Figure 1D), thus supporting a direct
interaction between Irela and the Secé1 translocon. Consistent with the result from Secé1p
immunoprecipitation (Figure 1C), the crosslinked adduct was visible even when cells were treated
with DTT before the crosslinker reaction, supporting a model where Ire1a associates with the Sec61
translocon even under ER stress conditions. (Figure 1D).

A conserved region in Ire1a is required for the interaction with the
Secé1 translocon

To exclude the possibility that this interaction was captured during Irela synthesis at the Secé1
translocon, we set out to identify specific residues in Irela that are required for the interaction
with the Secé1 translocon. We therefore performed co-immunoprecipitation with HA antibodies
using detergent extracts of cells expressing mutant versions of IreTa-HA. While deletion of the
luminal domain of Ire1a (amino acids 30 to 408) had no effect on the interaction with the Secé1
translocon, deletion of an evolutionarily conserved 10 amino acid region (amino acids 434 to 443)
in the luminal portion of Irela adjacent to its TMD nearly abolished the interaction with the Secé1
translocon (Figure 2A,C). Mutagenesis of single residues within this region further revealed that
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Figure 1. Identification of a complex between Irela and the Sec61 translocon. (A) The detergent extracts of either
microsomes derived from HEK 293 cells (control) or cells expressing hemagglutinin (HA)-tagged Irela were bound
to anti-HA resin and eluted with a low pH glycine buffer. The eluted proteins were analyzed by SDS-PAGE and
stained with coommassie blue. (B) The cell lysates from non-transfected HEK 293 cells treated with or without DTT
were immunoprecipitated (IP) with anti-GFP antibodies as a control or anti-Secé1p antibodies. The bound material
was eluted with sample buffer and analyzed along with starting lysates (input, 2% loading) by immunoblotting (IB)
using antibodies against the indicated antigens. Calnexin, an abundant endoplasmic reticulum (ER) trans membrane
protein was probed as a control. (C) Cell extracts from HEK 293 cells transfected with the indicated FLAG tagged
constructs were subject to IP with FLAG antibody. The resulting samples were analyzed by IB with indicated
antibodies. (D) HEK 293 cells stably expressing HA-tagged Irela were either treated with 10 mM DTT or left
untreated for 2 hr. Cells were then semipermeabilized with 0.015% digitonin and treated with the indicated
concentration of DSP crosslinker for 30 min at room temperature. Samples were denatured and IP with anti-HA
antibodies. The resulting IP was analyzed by IB. Control denotes non-transfected HEK293 cells.

DOI: 10.7554/elife.07426.003

The following figure supplements are available for figure 1:

Figure supplement 1. Peptides of Secé1a, Sec61p, and Secbly identified by mass spectrometry sequences of
Secbla, Sec61p, and Secédly annotated to indicate the peptides (yellow) identified by mass spectrometry.
DOI: 10.7554/elife.07426.004

Figure supplement 2. Irela is codepleted with the Secél1a translocon.

DOI: 10.7554/elife.07426.005

Val*¥, Asp*®®, Met**°, Leu**' and Asp**® are crucial for the interaction since replacing any of these
amino acids with alanine significantly reduced the interaction with the translocon (Figure 2B,C).
We next asked whether the Irela interaction with the Secé1 translocon is important for XBP1u
mRNA cleavage during ER stress. To address this, we transiently depleted the Secé61a subunit,
which forms the translocon channel, in cells by siRNA-mediated knock down. Indeed, Irela
mediated splicing of XBP1u mRNA was substantially reduced in Secé61a depleted cells during ER
stress (Figure 2D).
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Figure 2. Key residues in Irela important for the interaction with the Sec61 translocon. (A) The cell lysates of
the indicated versions of HA-tagged Irela were IP with anti-HA antibodies, eluted with sample buffer and analyzed
by IB. IreTo—venus served as a control. The mutation K907 to A907 impairs the RNase activity of Irela (Tirasophon
et al., 2000). Deletion of the Irela cytosolic domain from amino acid 477 to 977 or luminal domain from amino acid
30 to 408 is labeled as ACD or ALD (Volmer et al., 2013), respectively. Irela A34 carry a deletion from amino acid
409 to 443 and Irela A10 lacks amino acids 434 to 443. (B) The indicated Irela mutants were analyzed as described in
panel A. (C) Comparison of the sequences of the 10 amino acid region of Irela in vertebrates. Triangle depicts
amino acid residues of Ire1a in which alanine scanning mutations disrupt binding to the Secé1 translocon. (D) Hela
cells were transfected with control siRNA or siRNA targeting Secé1a. After 48 hr of transfection, cells were
transfected again with siRNA which was followed by transfection with FLAG-tagged XBP1u. 96 hr after the first
transfection, cells were treated with 10 mM DTT for the indicated time periods. Total proteins and RNA were
isolated from Trizol harvested cells and analyzed by IB against the indicated antigens and by an RT-PCR reaction to
monitor splicing of XBP1u mRNA (Calfon et al., 2002), respectively.

DOI: 10.7554/eLife.07426.006

XBP1u mRNA utilizes the SRP pathway for targeting to the Sec61
translocon

Our findings of Irela in a complex with the Secé1 translocon raised the important question of how
XBP1u mRNA would be recruited to this complex in order to be cleaved by Ire1a during ER stress.
Although XBP1u mRNA encodes a soluble protein and shuttles between the cytosol and nucleus
(Yoshida et al., 2006), recent studies have shown that XBP1u is co-translationally targeted to the ER
membrane for efficient splicing of its mMRNA by Ire1a (Yanagitani et al., 2009). This targeting reaction
also depends on a C-terminal hydrophobic region 2 (HR2) as well as a translational pausing sequence
located in the extreme C-terminus of XBP1u (Yanagitani et al., 2009, 2011). Combined, HR2 and the
pausing sequence are speculated to facilitate direct interaction of RNCs of XBP1u with the ER lipid
bilayer (Yanagitani et al., 2009). We reasoned that the interaction between XBP1u and lipids might
not selectively direct its MRNA-RNCs to the ER membrane within the cell. We therefore hypothesized
that XBP1u-RNCs may directly interact with the Secé1 translocon for its specific recruitment to the ER
membrane as well as to engage with Irela. To first determine if the recruitment of XBP1u-RNCs
requires any ER membrane factor(s), we reconstituted XBP1u recruitment to the ER membrane in
vitro. XBP1u transcripts lacking a stop codon were translated using a rabbit reticulocyte lysate
containing *S-labelled methionine and ER-derived rough microsomes (RM). As expected, the
truncated XBP1u transcripts produced XBP1u-RNCs that were recruited to RM, as indicated by XBP1u
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peptides in the pellet fraction (Figure 3A,B). However, a mild trypsin digestion of RM rendered them
inactive for XBP1u recruitment. XBP1u recruitment to the ER membrane was dependent on the
presence of HR2 since its deletion (XBP1AHR2) abolished the membrane recruitment, while replacing
HR2 with a stronger hydrophobic TMD from the transferrin receptor (XBP1u-TR) restored XBP1u
recruitment to RM (Figure 3A,B and Figure 3—figure supplement 1). We obtained similar results
when we analyzed full-length versions of XBP1u, thus arguing against membrane recruitment due to
artificial stalling of XBP1u at the ribosome (Figure 3B, bottom). These results supported our
hypothesis that XBP1u-RNCs can be recruited to the ER membrane via an interaction with an ER
membrane factor.

Based on the above observation and the presence of a hydrophobic region (HR2) (Yanagitani
et al., 2009) in the XBP1u protein, we hypothesized that XBP1u mRNA-RNC targeting to the ER
membrane may be mediated by the SRP pathway. To test this, we affinity-purified RNCs of XBP1u
from in vitro translation reactions via an N-terminal FLAG-tag and analyzed for SRP recruitment by IB.
Indeed, SRP was enriched in RNCs of XBP1u but not in RNCs of XBP1AHR2 (Figure 3C). As expected,
XBP1u-TR exhibited slightly increased binding to SRP since it contains a genuine TMD (Figure 3C and
Figure 3—figure supplement 1). We next wondered whether the binding of SRP to HR2 of XBP1u-
RNCs is essential for targeting to the ER membrane. To address this, we translated XBP1u mRNA in
vitro using a wheat germ extract that lacks SRP that is compatible with the mammalian SRP receptor

A B XBP1u XBP1uAHR2 XBP1u-TR
N c - RM tRM - RM t-RM - RM t-RM
XBP1u [ | 1 SPSPSPSPSPSPSPSPSEP
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Figure 3. XBP1u utilizes the signal recognition particle (SRP) pathway for targeting its mRNA to the ER membrane.
(A) Diagram of constructs derived from XBP1u. Blue box denotes the previously described hydrophobic region 2
(HR2) of XBP1u (Yanagitani et al., 2009). Dark blue indicates the transmembrane domain (TMD) from the transferrin
receptor in lieu of HR2. (B) The indicated versions of XBP1u transcripts lacking a termination codon were translated
in rabbit reticulocyte lysate in the presence of rough microsomes (RM) or trypsin digested RM (tRM). The reactions
were separated by centrifugation to analyze pellet (P) and soluble fractions (S) by SDS-PAGE and autoradiography.
(C) Affinity purified ribosome associated nascent chains (RNCs) of the indicated versions of FLAG-tagged XBP1u
were analyzed by IB for the indicated antigens. L13a is a ribosomal protein. TRC40 is a control protein.
Autoradiography of the blot revealed equal recovery of translated substrates. (D) XBP1u transcripts lacking

a termination codon were translated in the wheat germ translation system including purified SRP, puromycin/
potassium acetate treated RM (PK-RM) or both. RM alone was included as a control. An aliquot of the total
translation reaction was analyzed by IB for SRP54 and Secé1p, which indicate the presence of SRP and PK-RM,
respectively. An autoradiograph of the blot revealed equal translation of substrate XBP1u in all reactions.

The reactions were separated and analyzed as in panel B.

DOI: 10.7554/elife.07426.007

The following figure supplement is available for figure 3:

Figure supplement 1. Sequence and hydrophobicity of XBP1u constructs.
DOI: 10.7554/elife.07426.008
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(Walter and Blobel, 1981). When RM stripped of ribosomes/SRP by puromycin and high salt (PK-RM)
was added to this reaction, XBP1u nascent peptides were localized in the soluble fraction (Figure 3D).
In contrast, adding back purified SRP to the original level found in RM shifted XBP1u localization to
the pellet fraction, mirroring the membrane recruitment of XBP1u.

To examine whether Irela mediated splicing of XBP1u mRNA in cells also depends on the SRP
mediated targeting of its RNCs to the ER membrane, we depleted SRP or the SRP receptor in cells by
siRNA-mediated knock down. Cells depleted of the SRP subunits SRP14 or SRP54 showed sharply
reduced XBP1u mRNA splicing upon treatment with the ER stress inducer DTT (Figure 4A). Similarly,
depletion of the a subunit of the SRP receptor (SRa) nearly abolished splicing of XBPTu mRNA
(Figure 4B). Importantly, these effects were not due to a defect in the biosynthesis of Irela since its
level was unchanged by transient depletion of either SRP or its receptor (Figure 4A,B). To rule out the
possibility that the reduction in XBP1u mRNA splicing observed in SRP knockdown experiments was
not due to diminished ER substrate burden and Irela activation, we examined the activation of ER
stress sensors under knockdown conditions (Figure 4A,C). Auto-phosphorylation of PERK and Ire1a in
response to DTT treatment was identical under both control and SRP54/14 knockdown conditions
(Figure 4A). In addition, depletion of SRP14, SRa or Sec61a had little effect on the amount of PERK
phosphorylation and ATF6 cleavage in response to ER stress (Figure 4C). These data suggest that the
reduced XBP1u mRNA splicing in the SRP pathway knockdown experiments is not an indirect effect
but a result of reduced XBP1u mRNA targeting to the ER membrane. Together these results suggest
that SRP binds to HR2 of XBP1u-RNC and recruits it to the ER membrane for Ire1a mediated splicing
of XBP1u mRNA under ER stress conditions.

B Cont. siRNA SRa-siRNA
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Figure 4. SRP mediated targeting to the ER ensures efficient spicing of XBP1u mRNA. (A) HEK 293 cells were
transfected with shRNAs against luciferase (control), SRP14, or SRP54. 5 days after transfection, the cells were replated
for transfection with XBP1u and treated with 10 mM DTT for the indicated time periods. The Trizol harvested cells were
analyzed as in Figure 2D. A phos-tag gel was used for the Irela immunoblot. p-lrela and p-PERK indicate the
phosphorylated forms of Irela and PERK, respectively. * denotes a background band. (B) Hela cells were transfected
with control siRNA or siRNA targeting the a subunit of the SRP receptor (SRa) and analyzed as described in Figure 2D.
(C) Hela cells were transfected with the indicated siRNA oligos and treated with 10 mM DTT for 2 hr after 96 hr post-
transfection. Cells were harvested in SDS sample buffer and analyzed for IB with indicated antibodies. Upon DTT
treatment, the ATFéa band disappears due to the cleavage of its N-terminal cytosolic domain. Our ATFéa antibodies
were not suitable for detecting the cleaved N-terminal cytosolic domain (not shown). Note that depletion of Sec61a
caused significant reduction of the transmembrane proteins PERK and ATFéa.

DOI: 10.7554/elife.07426.009
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XBP1u RNCs interact with the Sec61 translocon, but weakly insert into
the ER membrane
Since the XBP1u protein does not possess a typical TMD, we wondered whether the SRP bound
XBP1u-RNC is actually delivered to the Secé1 translocon in the ER membrane. To examine this, we
isolated the ER membrane-targeted RNCs of XBP1u from in vitro translation reactions and treated
them with a cysteine reactive chemical crosslinker. We observed a weak crosslinking between XBP1u
and the Secé1a subunit (Figure 5A, lanes 2 and 4). By contrast, XBP1u strongly crosslinked to the f
subunit of the translocon, presumably via a single cysteine residue localized in its cytosolic domain
(Figure 5A, lanes 2 and 5). This result implied that the moderate hydrophobicity of HR2 of XBP1u
might prevent full engagement of the translocon. This was further supported by the improved
crosslinking between XBP1u and Secé61a observed when we used XBP1u-TR, which contains a genuine
TMD (Figure 5A, compare 4 and 7). It has been previously shown that the Secé1 translocon can
discriminate between functional and non-functional or weak signal sequences (Jungnickel and
Rapoport, 1995). Accordingly, the functional signal sequence is able to form a protease resistant
tight junction with the Secé1 translocon. To directly test if RNCs of XBP1u form a weak or tight
junction with the Secé1 translocon, we performed a proteinase K (PK) accessibility assay with the ER
membrane targeted RNCs of XBP1u. We noticed efficient protection of the XBP1u signal sequence
HR2 under physiological salt concentration but it became partially PK sensitive under high salt
conditions, suggesting that XBP1u HR2 forms a weak junction with the translocon (Figure 5B compare
band 1 in lane 2 and 3). By contrast, we observed a tight complex between XBP1u-TR and the
translocon as judged by an increased protection of XBP1-TR relative to XBP1u under high salt
conditions (Figure 5B compare band 1 in lane 3 and 8). Interestingly, upon high salt and puromycin
treatment, which releases nascent chains from ribosomes, we detected membrane-protected fragments
for XBP1-TR that disappeared after treating with a detergent (Figure 5B lane 9, 10), demonstrating that
insertion of XBP1u-TR occurs after its release from the ribosome. However, we failed to detect
membrane-protected fragments for XBP1u, suggesting that XBP1u HR2 is rejected by the Secé1
translocon after its release from the ribosome. Interestingly, we noticed ribosome protected fragments
even after puromycin treatment, indicating that the interaction between the translational pausing
sequence of XBP1u and the ribosome exit tunnel remains stable (Figure 5B band 2 in lanes 5 and 10).
Since we observed an interaction between XBP1u and the translocon, we wondered whether this
interaction facilitates integration of XBP1u into the ER membrane. To address this, we introduced an
N-glycan acceptor site prior to the stop codon of XBP1u constructs and translated them in the
presence of RM. Glycosylation, a post-translocational event diagnostic of successful insertion, was
readily detected for XBP1u, as determined by endoglycosidase H (Endo H) deglycosylation
(Figure 5—figure supplement 1). As expected, no glycosylation was detected for XBP1AHR2,
whereas XBP1-TR showed increased glycosylation. Importantly, the co-translational protein insertion
pathway was solely responsible for these insertion activities since almost no glycosylation was
detected during a post-translational protein insertion assay (Figure 5—figure supplement 1).
Furthermore, a time course experiment revealed a decreased rate of glycosylation for XBP1u relative
to its counterpart XBP1u-TR, suggesting that its weak hydrophobic region HR2 impedes efficient
insertion into the membrane (Figure 5C). Corroborating the in vitro results, in cells expressing XBP1u
constructs we detected the HR2 dependent glycosylation of XBP1u, which was sensitive to the Endo H
or peptide-N-glycosidase (PNGase) treatment (Figure 5D). As expected, the XBP1u glycosylation was
significantly less efficient relative to that of XBP1u-TR (Figure 5D). These findings are consistent with
recent observations that a fraction of XBP1u could be inserted into the ER membrane in cells (Chen
et al., 2014). Collectively, these results suggest that the sequence of XBP1u HR2 has evolved in a way
that it manages to follow the co-translational protein translocation pathway, but avoids efficient
insertion into the ER membrane.

Disrupting the complex between Ire1a and the Sec61 translocon reduces
Ire1a-me3iated cleavage of ER-targeted mRNAs

We next examined whether disrupting the interaction between Irela and Secé1 translocon impairs
Irela mediated cleavage of XBP1u mRNA. To this end, we complemented Irela or the translocon
interaction defective Irela mutants into either HEK 293 Ire1a™" cells generated by the CRISPR/Cas9
system or mouse embryonic fibroblast (MEF) Ire1a™~ cells (Lee et al., 2002). The complementation of
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Figure 5. XBP1u nascent chains interact with the Secé1 translocon, but inefficiently insert into the ER membrane.
(A) The membrane-targeted RNCs of XBP1u or XBP1u-TR were isolated by centrifugation and treated with BMH
crosslinker. An aliquot was directly analyzed (input, 4% loading), while the remainder was IP with the indicated
antibodies. Anti-GFP antibodies were used as a control. The XBP1u crosslinked adducts are indicated by ‘XBP x'.
* indicates an unidentified crosslinked product. (B) The ER membrane targeted RNCs of XBP1u variants were
subjected to a proteinase K (PK) accessibility assay in the presence of the indicated salt concentrations and salt plus
puromycin (pur.). * indicates the inclusion of a detergent in the reaction. FL indicates full-length versions of XBP1u.
Band 1 indicates protease-protected fragments of either ribosome translocon protected fragments or protected
fragments after insertion into the membrane (lane 9). Band 2 indicates fragments protected by ribosomes.

(C) The indicated versions of XBP1u transcripts containing a glycan acceptor site at the C-terminus were translated in
vitro in the presence of RM. The reactions were stopped at the indicated time points by directly mixing with the
sample buffer and analyzed by autoradiography. gXBP1u denotes the glycosylated form. (D) Cell lysates from HEK
293 cells expressing the indicated FLAG tagged XBP1u versions containing a glycan acceptor site were treated with
endoglycosidase H (EndoH) or peptide-N-glycosidase F (PNGase) and analyzed by IB with FLAG.

DOI: 10.7554/elife.07426.010

The following figure supplement is available for figure 5:

Figure supplement 1. Insertion assays with XBP1u and its variants.
DOI: 10.7554/eLife.07426.011

Irela into IreTa ™ cells led to restoration of XBP1u mRNA splicing in an ER stress dependent manner,

whereas the complementation of Irela mutants either A10 or D443A showed sharply reduced XBP1u
mRNA splicing (Figure 6A,B). In addition, the Irela mutant D443A also exhibited a significant
deficiency in downregulation of the RIDD mRNA substrates Blos1 and Scara3 (Hollien et al., 2009)
(Figure 6C). These effects were not due to a defect in activation of Irela mutants under ER stress
conditions since we observed similar Irela auto-phosphorylation in both wild type and A10 Irela
expressing cells (Figure 6D). These results support the model that the Secé1 translocon bridges Ire1a
and its mRNA substrates (Figure 7).

Discussion
In the present study, we have addressed how the low abundant Irela effectively finds and cleaves its
substrate mRNAs that are associated with ribosomes in the ER membrane. Our results have
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Figure 6. The Irela interaction with the Secé1 translocon ensures efficient cleavage of ER-targeted mRNAs. (A) HEK
293 Irela™~ cells generated by CRISPR/Cas9 were stably complemented with IreTa-HA or its mutant (A10).

The expression of these constructs was controlled by doxycycline, but the cells were not induced with doxycyline in
order to achieve low expression levels of IreTa. Cells were harvested in Trizol after either treatment with tunicamycin
(TM: 5 pg/ml), thapsigargin (Tg: 2.5 pg/ml) or DTT (10 mM) for the indicated time periods and analyzed by XBP1u
mRNA splicing assay and IB with the indicated antibodies. (B) Mouse embryonic fibroblast (MEF) IreTa™" cells
complemented with IreTa-HA or its mutant (D443A) were harvested after either treatment with TM (5 pg/ml) for 5 hr
or DTT (10 mM) for 2 hr and analyzed by XBP1u mRNA splicing assay and IB as described in Figure 2D. (C) The MEF
IreTa™~ cells complemented with indicated Ire1a variants were treated with TM (5 ug/ml) for 6 hr and analyzed by
gPCR to measure Blos1 and Scara3 mRNA abundance. We normalized all mRNA abundance measurements to the
housekeeping control Rpl19 mRNA. (D) HEK 293 Irela™~ cells stably expressing Irela-HA or its mutant (A10) were
treated with DTT for 2 hr, TM for 5 hr, Tg for 5 hr and analyzed for phosphorylated Irea.

DOI: 10.7554/elife.07426.012

established a direct link between the co-translational translocation pathway and the UPR that
facilitates efficient cleavage of ER-targeted mRNAs by Ire1a during ER stress (Figure 7). Specifically,
we have identified a complex comprising Ire1a and the Secé1 translocon, which is stable even during
ER stress conditions. We have shown that this interaction is specific and is not captured while Irela is
being synthesized in the Secé1 translocon since the other ER stress sensors, Ire1f, PERK or ATF6, fail
to interact with the Secé1 translocon. Moreover, our domain mapping studies identified a conserved
region in the luminal domain of Irela required for this interaction. Several observations suggest that
Ire1a may directly interact or at least be in close proximity to the Secé1 translocon. First, our IreTa pull
down experiment identified the Sec6é1 translocon as one of the major interacting proteins in addition
to Secé3 and BiP (Figure 1A). We can exclude the possibility that Irela associates with the Sec61
translocon through BiP since the interaction is stable even during ER stress conditions, whereas BiP
dissociates from Irela (Bertolotti et al., 2000). Second, our chemical crosslinking studies captured
a crosslinked adduct between Ire1a and the o subunit of the Secé1 translocon (Figure 1D). However,
interaction studies with purified Ire1a and the Secé1 translocon are required to demonstrate if these
proteins directly interact with each other. Interestingly, the Secé1 translocon interaction region is
conserved only in vertebrates (Figure 2C), which suggests that the Irela interaction with the Secé1
translocon may not be absolutely essential for cleavage of its mRNA substrates but would increase the
fidelity and efficiency of Irela.

We hypothesized that XBP1u mRNA might be targeted and localized in proximity to the Irela-
Sec61 translocon complex in order to be efficiently cleaved during ER stress to yield an active
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Figure 7. Model for Irela-mediated cleavage of ER-localized mRNAs. Irela forms a complex with the Secé1
translocon, to which XBPTu mRNA is recruited by its ribosome nascent chains (RNCs) through the SRP pathway.
Despite interacting with the Secé1 translocon, the XBP1u nascent chain is inefficiently inserted into the ER
membrane due to its weak hydrophobic region. Upon ER stress, Irela is activated through self-oligomerization and
cleaves XBP1u mRNA to yield an active transcription factor, XBP1s, as well as to cleave ER-localized mRNAs through
regulated Ire1-dependent decay (RIDD).

DOI: 10.7554/elife.07426.013

transcription factor for UPR target genes. Initial biochemical fractionation studies have shown that
XBP1u mRNA is localized in the ER membrane although its encoded protein is soluble and localized
both in the cytosol and nucleus (Stephens et al., 2005; Yoshida et al., 2006). Elegant studies from
the Kohno group revealed that XBP1u mRNA is co-translationally targeted to the ER membrane as
RNCs (Yanagitani et al., 2009). They further showed that this targeting reaction also depends on
a hydrophobic region present in the C-terminus of XBP1u as well as a translational pausing sequence
(Yanagitani et al., 2011). Based on the observation that the HR2 of XBP1u associates with protein-
free liposomes, they concluded that XBP1u RNCs could directly bind with the ER lipid bilayer.
Although these studies have established the importance of co-translational targeting of mRNA-XBP1
RNCs to the ER membrane, it was not clear how these nascent chains are specifically recruited to the
ER membrane in the presence of other membrane compartments in the cell. In an attempt to address
this issue, we reproduced the ER membrane recruitment assay with XBP1u RNCs in vitro. Consistent
with the previous findings, XBP1u RNCs were robustly recruited to the ER membrane in an HR2
dependent manner (Figure 3B). However, XBP1u RNCs could not be efficiently recruited to ER
membranes treated with trypsin, which suggested that an ER membrane factor might be required for
binding with XBP1u RNCs (Figure 3B). The hydrophobic sequence HR2 dependent targeting of
XBP1u RNCs to the ER membrane led us to propose that the SRP pathway might be involved in this
targeting reaction. Our biochemical reconstitution studies have revealed that SRP can capture HR2
of XBP1u RNCs, which are then associated with the ER membrane by an interaction with the Secé1
translocon (Figure 3C,D and Figure 5A). It is possible that the weak hydrophobic sequence of HR2 of
XBP1u RNCs can be captured in vitro but may not effectively compete for the SRP binding in cells
due to the presence of numerous substrates of SRP, which are likely of stronger hydrophobicity than
HR2 of XBP1u. However, our results argue against this idea since siRNA-mediated depletion of co-
translational protein translocation components showed significantly reduced Irela-mediated cleavage
of XBP1u mRNA in cells (Figure 4A,B). We speculate that the weaker signal sequence of HR2 might be
strengthened by a translational pausing sequence in XBP1u, thus providing an increased time window
for SRP binding. This is supported by the fact that co-translational pausing of XBP 1u nascent chains are
crucial for targeting to the ER membrane in vitro and in cells (Yanagitani et al., 2011).

We have shown that the SRP bound XBP1 RNCs are efficiently delivered to the Secé1 translocon,
but do not form a tight complex with the Secé1 translocon (Figure 5A,B). Thus most are released into
the cytosol and less than 10% are inserted into the ER membrane (Figure 5C,D). Future studies are
required to precisely determine whether XBP1u nascent chains are released at the Secé1 translocon or
after insertion into the ER lipid bilayer. Our results suggest that the moderate hydrophobicity of
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XBP1u HR2 impedes efficient insertion into the ER membrane, since replacing it with a stronger TMD
from the transferrin receptor significantly improved insertion into the ER membrane (Figure 5C,D).
It is puzzling why XBP1u evolved with a combination of a weak C-terminus HR2 and a translational
pausing sequence to utilize the SRP pathway rather than a stronger TMD or a signal sequence. In
plants, Ire1 catalyzes the cytoplasmic splicing of bZIP60 mRNA to produce an active transcription
factor (Mishiba et al., 2013). Interestingly, bZIP60 mRNA is likely targeted to the ER membrane by
the SRP pathway since it encodes a typical transmembrane protein. Therefore, the specific advantage
of this unique targeting mechanism utilized by XBP1u mRNA in vertebrates is unclear. It may be that
the presence of a soluble form of XBP1u is necessary for a fully switchable UPR. This hypothesis is
supported by earlier studies showing that the XBP1u protein binds to the active transcription factor
XBP1s and routes it for proteasomal degradation (Lee et al., 2003; Yoshida et al., 2006). This feed
back loop has been shown to be important for accurately turning off UPR genes by XBP1s when the
ER stress is restored. Recent studies have shown that numerous cytosolic mRNAs are localized in the
ER membrane through poorly understood mechanisms (Reid and Nicchitta, 2015). Our findings of
the promiscuous substrate selectivity exhibited by SRP in binding moderate hydrophobic region in
XBP1u suggests that other cytosolic proteins encoding mRNAs could be targeted to the ER
membrane through the SRP pathway.

We hypothesize that one of the reasons Irela has evolved a specific interaction with the Sec61
translocon is to overcome the limitations imposed by its low abundance in the ER membrane relative
to Secé1, where its substrate mRNAs are recruited (Ghaemmaghami et al., 2003). Indeed, our
complementation experiments show that the Sec61 interaction defective Ire1a mutants were not able
to efficiently mediate splicing of XBP1u mRNA during ER stress as well as cleavage of the RIDD mRNA
substrates (Figure 6A-C). However, we found that overexpressing Irela mutants restores the
inefficient cleavage of mRNAs (data not shown), suggesting that the Secé1 translocon interaction is
important to bridge the low abundant Ire1a and its mRNA substrates. It is currently unclear how Ire1a
is localized to the specific translocon where XBP1u mRNA may be found, though it is feasible that
IreTa may dynamically monitor the Secé1 translocon population and thus increase the likelihood of
contact with translocon-localized XBP1u mRNA. Another intriguing hypothesis is that Irela may
interact with a subset of the translocon population where XBP1u mRNA could be preferentially
localized. In any case, it is likely that another layer of complexity may exist in order to facilitate efficient
co-localization of Ire1a and XBP1u mRNA. In addition, since Irela interacts with the Secé1 translocon,
both under normal and ER stress conditions (Figure 1C,D), it is unclear what prevents Irela from
spuriously cleaving mRNAs associated with the Secé1 translocon under normal conditions. Most likely,
accumulation of misfolded proteins triggers self-oligmerization and activation of the translocon-
associated Irela only during ER stress conditions. How Irela is specifically arranged with the Secé1
translocon to access its substrate mMRNAs and how it is coordinated with several other translocon-
associated proteins remain important questions for future studies.

Materials and methods

DNA constructs

The in vitro expression Sp64 vector (Promega, Madison, WI) based construct encoding N-terminus FLAG-
tagged XBP1u was generated from human XBP1u cDNA (Sino Biological, Inc. China) using standard
molecular biology methods. XBP1uAHR2 was created by deleting the amino acid coding sequence
186-208 using both 5’ phosphorylated oligos and the Phusion site directed mutagenesis protocol. XBP1u-
TR was constructed by replacing HR2 (186-208) with the oligonucleotides encoding the TMD of human
transferrin receptor (IAVIVFFLIGFMIGYLGY) by an overlap extension PCR method. The TMD of transferrin
receptor serves as a signal sequence for recognition by SRP as previously described (Mariappan et al.,
2010). We appended a 3F4-tag sequence (GTNMKHMAGAAA) to the C-terminus of XBP1u constructs,
which end with asparagine amino acid (N), thus yielding an N-glycosylation motif (NGT). For the
preparation of RNCs, the open reading frames were PCR amplified using a forward 5’ primer annealing to
SPé6 (Sharma et al., 2010), and a reverse primer lacking a stop codon.

For mammalian cell expression, we generated FLAG-tagged XBP1u with its 3" UTR by following the
previously described procedure (Yanagitani et al., 2009) and cloned into pcDNA5/FRT/TO (Invitrogen,
Carlsbad, CA). By overlap extension PCR, a partial 3F4 tag sequence (GTNMKHM) was added prior to the
stop codon of FLAG-XBP1u 3’ UTR in pcDNAS5/FRT/TO, resulting in an NGT. The coding region of human
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Ire1a was amplified from Ire1a-pcDNA3.EGFP (Addgene plasmid #13009, kindly provided by Dr Fumihiko
Urano) and cloned into pcDNA5/FRT/TO carrying a C-terminal TEV protease cleavage site followed by
either the HA- or the FLAG-tag. Similarly, the coding region of either mouse Ire1p or mouse PERK
(Addgene plasmid #21880, #21814, kindly provided by Dr David Ron) was cloned into pcDNA5/FRT/TO
carrying a C-terminal TEV protease cut site followed by the FLAG-tag. The human ATFéa was amplified
including the 3xFLAG tag from p3xFLAG-ATF6 (Addgene plasmid #11975, kindly provided by Dr Ron
Prywes) and cloned into pcDNAS5/FRT/TO carrying a C-terminal TEV protease cut site followed by the HA-
tag. The Irela (K907A) RNase mutant (Tirasophon et al., 2000) construct was made by site directed
mutagenesis. Deletion of the Irela cytosolic domain (ACD) lacking amino acids 477-977, luminal domain
(ALD) lacking amino acids 30-408 (Volmer et al., 2013), A34 lacking amino acids 409 to 443 and A10
lacking amino acids 434 to 443 were constructed using the Phusion site-directed mutagenesis protocol
with the use of 5’ phosphorylated primers. Alanine scanning mutagenesis was performed using an efficient
one step site directed mutagenesis protocol (Zheng et al., 2004). All PCR reactions were performed with
Phusion high fidelity DNA polymerase (New England Biolabs, Ipswich, MA), except for site directed
mutagenesis, which used Pfu-Ultra polymerase (Agilent Technologies, Santa Clara, CA). 3% DMSO was
included in all PCR reactions to enhance amplification. The coding regions of all constructs were
sequenced to preclude any sequence error.

Antibodies and reagents

Antibodies were from the following sources: anti- L13a (Santa Cruz Biotech, Dallas, TX), anti-FLAG M2
antibody and anti-FLAG M2 affinity gel (Sigma-Aldrich, St. Louis, MO), anti-Ire1a (Cat. No. #3294, Cell
Signalling, Beverly, MA), anti-PERK (Cat. No. #3192, Cell Signalling), anti-HA agarose (Cat. No.
#11815016001, Roche, Switzerland) and complete protease inhibitor cocktail tablets (Roche), anti-
Tubulin (Cat. No. #ab11312, Abcam, UK), anti-SRP54 (BD Biosciences, Franklin Lakes, NJ), anti-SRP14
(Cat. No. #PA5-27554, Fisher Scientific), Anti-HA (16B12, Cat. No. #MMS-101P-200, Covance,
Princeton, NJ), anti-ATFé6 (Cat. No. #sc-22799, Santa Cruz, Dallas, TX), Calnexin (Cat. No. #SPA-865,
Enzo life sciences), Anti-mouse Goat HRP (Cat. No. #11-035-003, Jackson Immunoreserach, West
Grove, PA), Anti-rabbit Goat HRP (Cat. No. #111-035-003, Jackson Immunoreserach) and Antibodies
against TRC40, SRa, Secé1a, Secé61p, and GFP were previously described (Snapp et al., 2004). The
purified SRP and the wheat germ translation system were purchased from tRNA probes, Texas.
Reagents were from the following sources: Digitonin (EMD Millipore, Billerica, MA), DTT (American
Bioanalytical, Natick, MA), Dithiobis (succinimidyl propionate) (DSP, Thermo Scientific, Waltham, MA)
Bismaleimidohexane (BMH, Thermo Scientific) and protein-A agarose (RepliGen, Waltham, MA).
siRNA oligos were purchased from Integrated DNA Technologies (San Jose, CA). Sec61a 3’ UTR
siRNA (5'-CACUGAAAUGUCUACGUUULtt-3') was previously described (Lang et al., 2012). SRa
siRNA (5'-UAUAAACUGGACAACCAGULtt-3') sequence was previously described, but it was used as
an shRNA plasmid (Lakkaraju et al., 2007). shRNA plasmids of luciferase, SRP14, and SRP54 have
been previously described (Lakkaraju et al., 2007).

Cell culture and transfection

Hela, HEK 293-Flp-In T-Rex (Invitrogen), and MEF Ire1a™~ FRT cell lines (Hollien et al., 2009) were
cultured in high glucose DMEM containing 10% FBS at 5% CO,. Transfections with either plasmids or
siRNA oligos were performed with Lipofectamine 2000 (Invitrogen) according to the manufacture’s
protocol. For the siRNA mediated gene silencing, Hela cells were transfected with 40 pmol of siRNA
oligos per well in a 12 well plate using Lipofectamine 2000. At 24 hr after transfection, cells were
replated for the second round of transfection with siRNA oligos at 48 hr. 6 hr later cells were
transfected with 200 ng of pcDNA5-FLAG-XBP1u-3’ UTR. 96 hr after the first siRNA transfection, cells
were harvested using the Trizol reagent (Invitrogen) for isolation of total proteins and RNA and
analysed by IB and RT-PCR of XBP1-mRNA, respectively. shRNA mediated gene silencing in HEK 293
cells was performed by following the previously established protocol (Lakkaraju et al., 2007) except
that at fifth day of transfection, cells were replated for transfection with FLAG-XBP1u-3’' UTR and
harvested in Trizol after treatment with DTT at sixth day of initial transfection for analysis by both 1B
and RT-PCR of XBP1u mRNA. To establish stable cell lines, HEK 293-Flp-In T-Rex or MEF IreTa™"~
FRT cells were transfected with 1 pg of pOG44 vector (Invitrogen) and 0.1 pg of FRT vectors
containing Irela or its mutants using Lipofectamine 2000. MEF Irela™~ FRT cells were plated in
hygromycin (50 pg/ml) 24 hr after transfection, while HEK 293-Flp-In T-Rex cells were plated in
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hygromycin (100 pg/ml) plus blasticidin (10 pg/ml). The medium was replaced every 3 days until
colonies appeared. To regulate the expression of Ire1a or its mutants in complemented MEF Irela™~
cells, we transfected with pCDNA/tetR (Invitrogen, a kind gift from Dr Dhasakumar Navaratnam) and
selected with blasticidin (10 pg/ml) until colonies appeared. The colonies were picked and the
expression of recombinant Irela or its mutants was compared with control MEF cells.

Immunoaffinity purification and co-immunoprecipitation

For purification of Ire1a associated proteins, HEK293 cells or HEK293 stable cells expressing Irela -HA
were induced with 250 ng/ml of Doxycycline for 48 hr. Cells were lysed in Buffer A (10 mM Hepes pH
7.4, 250 mM Sucrose, 2 mM MgCl,, 1x protease inhibitor cocktail) by repeated passage through
a 23-gauge syringe needle. ER microsomes were isolated from low speed supernatants (2823xg for
30 min) by centrifugation for 1 hr at 75,000xg. Microsomes were resuspended in Buffer B (10 mM Hepes
pH 7.4, 250 mM Sucrose, 2 mM MgCl,, 0.5 mM DTT) and solubilized in lysis buffer (50 mM Hepes, 150
mM NaCl, 5 mM MgAc, 1 mM DTT, 1x protease inhibitor cocktail, 1% digitonin) for 30 min at 4°C. The
supernatant was collected by centrifugation at 20,000xg for 15 min and incubated with rat anti-HA-
agarose (Roche). The beads were extensively washed with lysis buffer, but containing 0.2% digitonin.
The bound material was eluted from the column using 0.1 M glycine, pH 2.3 and 0.5% Triton-X100. The
elutions were TCA precipitated and analysed by SDS-PAGE, followed by Coomassie blue stain. Bands of
interest were identified by mass spectrometry at Keck MS and Proteomics Resource, Yale School of
Medicine. For co-immunoprecipitation of endogenous Irela with the Secé1 translocon, HEK 293 cells
were treated either with or without 10 mM DTT for 2 hr. Cells were lysed in Buffer A (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1% digitonin) by rotating 30 min at 4°C. The supernatant was collected by
centrifugation at 20,000xg for 15 min and incubated with anti-GFP or anti-Secé1f antibodies
conjugated to protein-A agarose. The beads were extensively washed with Buffer A, but containing
0.2% digitonin. The bound material was eluted from the beads by directly boiling in SDS sample buffer.
The clean blot IP system (Thermo Scientific) was used for secondary antibodies to minimize background
from the primary antibodies. For co-immunoprecipitation of recombinant Irela and the endogenous
Sec61 translocon, HEK 293 cells were transiently transfected with HA-tagged Ire1a versions. After 36 to
48 hr of transfection, cells were harvested in 1xPBS and lysed as above. The resulting digitonin cell
extract was bound to anti-HA-agarose (Roche), washed, eluted SDS sample buffer and analysed by IB.

Trypsin digestion of RM

RM derived from canine pancreas have been described (Walter and Blobel, 1983) RM was treated with
20 pg/ml of trypsin (Sigma) for 1 hr on ice. The reaction was stopped by adding 2 mM PMSF with
continued incubation for 15 min on ice. The trypsin digested RM was sedimented through 0.5 M sucrose
in a physiological salt buffer (PSB: 50 mM Hepes pH 7.4, 100 mM KAc, 2 mM MgAc) for 12 min at 70,000
rom/TLA100.3 (Beckman, Brea, CA) to remove trypsin. The resulting pellet was resuspended in
membrane buffer (50 mM Hespes pH 7.4, 250 mM Sucrose, 100 mM KAc, 2 mM MgAc, and 1 mM DTT).
As a control, RM were treated similarly in parallel but without trypsin as a control.

Membrane recruitment assay

This was done as described previously (Yanagitani et al., 2011) with the following modifications.
Transcripts encoding versions of XBP1u lacking or containing a stop codon were translated in a rabbit
reticulocyte lysate translation system (Sharma et al., 2010) supplemented with 3*S-methionine in the
presence or absence of membranes for 20 min at 32°C. The translation reaction was layered on 1 M
sucrose prepared in PSB. After sedimentation for 15 min at 20,000xg, the supernatants and the
pellets were analysed by SDS-PAGE and autoradiography.

RNC affinity purification

RNCs of XBP1u versions were affinity purified using anti-FLAG agarose, similarly to previous methods
(Mariappan et al., 2010). In brief, 300 pl reactions were translated for 20 min and immediately chilled
on ice. The samples were adjusted to 2 mM cycloheximide, diluted to 1 ml with PSB, and incubated
with 20 pl suspension of anti-FLAG affinity resin recognizing the N-terminal FLAG-tag for 1.5 hr. After
being washed extensively with PSB, the bound RNCs were eluted in SDS sample buffer, and analysed
by both IB and autoradiography.
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SRP dependent targeting in a wheat germ translation system

XBP1u transcripts lacking a termination codon were translated in a wheat germ extract supplemented
with ¥S-methionine, 32 nM purified SRP (tRNA probes) and/or puromycin/KAc treated RM (PK-RM). After
incubation at 25°C for 45 min, the reactions were sedimented through 0.25 M sucrose in PSB for 15 min at
20,000xg. The supernatants and the pellets were analysed by SDS-PAGE and autoradiography.

In vitro chemical crosslinking

Transcripts encoding versions of XBP1u lacking a termination codon were translated in the presence of
RM for 25 min at 32°C. The membrane targeted RNCs were isolated by centrifugation through a 0.5 M
sucrose cushion for 12 min at 70,000 rpm/TLA100.3, and the resulting pellet was resuspended in PSB.
Crosslinking was performed with 400 pM BMH (a homo-bifunctional cysteine-reactive crosslinker) for 6
min at 25°C and quenched with 25 mM 2-mercaptoethanol. The resulting products were denatured with
1% SDS, 100 mM Tris-HCl pH 8.0 for 30 min at 55°C and diluted 10-fold IP buffer. The respective
antibodies were added and incubated for 1.5 hr at 4°C, followed by incubation with protein-A agarose
(Repligen) for 1.5 hr at 4°C. The beads were washed at least three times with IP buffer, eluted with SDS
sample buffer and analysed after heating to 95°C, but 55°C/30 min for the Secé61a sample. Samples were
treated with RNase A (100 pg/ml) for 10 min at 37°C before analyzing by SDS-PAGE and autoradiography.

In vivo chemical crosslinking

This was done as described previously with the following modifications (Oyadomari et al., 2006). HEK
293 cells stably expressing HA-tagged Irela were semipermeabilized with 0.015% digitonin
containing buffer (20 mM Hepes pH 7.4, 110 mM KAc, 2 mM MgAc) and treated with various
concentrations of DSP crosslinker for 30 min at room temperature. Samples were collected in
quenching/denaturing buffer containing 2% SDS, 6 M urea, 100 mM Tris-HCI pH 8.0, incubated for
30 min at 37°C, diluted 20-fold IP buffer and IP with anti-HA antibodies. The resulting IP was treated with
DTT containing SDS sample buffer for 30 min at 37°C to reverse the crosslinking and analyzed by IB.

Quantitative real-time PCR

For all RNA analyses, the total RNA was isolated from treated or non-treated cells using Trizol reagent
(Invitrogen), treated with RQ1 RNase-Free DNase (Promega, Madison, WI) to remove residual DNA, and
cDNA was synthesized using 2 pg of total RNA as a template, random hexamers, and M-MuLV reverse
transcriptase (NEB). We measured relative mRNA abundance by real time quantitative PCR (BioRad,
Hercules, CA) with SYBR green as the fluorescent dye. Each sample was measured in triplicate and
normalized to Rpl19 mRNA levels. The primers for mouse Rpl19, Blos1 and Scar3 were previously
described (Hollien et al., 2009).

Ire1la auto-phosphorylation assay

A 6% polyacrylamide gel was made containing 25 pM Phos-tag (Wako, Japan) and 50 uM MnCl,. SDS-
PAGE was conducted at 100 V for 3 hr, followed by Mn chelation with 1T mM EDTA. The gel was
transferred to nitrocellulose and probed with an anti-Ire1 antibody (Cell Signalling).

CRISPR/Cas9 mediated depletion of Ire1a in HEK 293-Flp-In T-Rex

The Irela targeting sequence (5" GATGGCAGCCTGTATACGCTTGG 3') was cloned into the gRNA
expression vector (Mali et al., 2013) in order to direct Cas9 nuclease activity toward the fourth coding
exon of Irela. HEK 293-Flp-In T-Rex cells were plated in a six-well plate and transfected at 70%
confluence with 250 ng of the gRNA expression vector and 250 ng of the pSpCas9(BB)-2A-Puro (Ran
et al., 2013) expression plasmid with Lipofectamine 2000. Expression of Cas9 was selected for by
puromycin treatment (2.5 pg/ml) for 48 hr, after which cells were returned to non-selecting media for
72 hr. Cells were then plated at 0.5 cells/well in 96 well plates and expanded for 3 weeks. Individual
clones were examined for Irela knock out by IB against endogenous Irela.

Acknowledgements

We are grateful to Ramanujan Hegde and Ajay Sharma for providing various antibodies and reagents.
We thank Julie Hollien for MEF Ire1~~/FRT cells and Katharina Strub for shRNA plasmids. We thank
Peter Cresswell, Ramanujan Hegde, and Christopher Burd for comments on this manuscript. We thank

Plumb et al. eLife 2015;4:e07426. DOI: 10.7554/eLife.07426 15 of 18


http://dx.doi.org/10.7554/eLife.07426

LI FE Research article Biochemistry | Cell biology

Shawn Ferguson and Christian Schlieker for reagents and advice on CRISPR/Cas9, Matthew Simon for
help with gPCR analysis and Jesse Reinhart for help with phos tag gels.

Additional information

Funding
Funder Grant reference  Author
Yale School of Medicine Start-up Package Rachel Plumb, Zai-Rong

Zhang, Suhila Appathurai,
Malaiyalam Mariappan

National Institutes of Health T32 GMO007223 Rachel Plumb
(NIH)

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

Author contributions

RP, MM, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; Z-RZ, Conception and design, Acquisition of data, Analysis and interpretation of
data; SA, Acquisition of data, Analysis and interpretation of data

References

Acosta-Alvear D, Zhou Y, Blais A, Tsikitis M, Lents NH, Arias C, Lennon CJ, Kluger Y, Dynlacht BD. 2007. XBP1
controls diverse cell type- and condition-specific transcriptional regulatory networks. Molecular Cell 27:53-66.
doi: 10.1016/j.molcel.2007.06.011.

Akopian D, Shen K, Zhang X, Shan SO. 2013. Signal recognition particle: an essential protein-targeting machine.
Annual Review of Biochemistry 82:693-721. doi: 10.1146/annurev-biochem-072711-164732.

Bertolotti A, Zhang YH, Hendershot LM, Harding HP, Ron D. 2000. Dynamic interaction of BiP and ER stress
transducers in the unfolded-protein response. Nature Cell Biology 2:326-332. doi: 10.1038/35014014.

Braakman |, Bulleid NJ. 2011. Protein folding and modification in the mammalian endoplasmic reticulum. Annual
Review of Biochemistry 80:71-99. doi: 10.1146/annurev-biochem-062209-093836.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, Clark SG, Ron D. 2002. IRE1 couples
endoplasmic reticulum load to secretory capacity by processing the XBP-1 mRNA. Nature 415:92-96.
doi: 10.1038/415092a.

Chen CY, Malchus NS, Hehn B, Stelzer W, Avci D, Langosch D, Lemberg MK. 2014. Signal peptide peptidase
functions in ERAD to cleave the unfolded protein response regulator XBP1u. The EMBO Journal 33:2492-2506.
doi: 10.15252/embj.201488208.

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. doi: 10.1016/0092-8674
(93)90648-A.

Ghaemmaghami S, Huh W, Bower K, Howson RW, Belle A, Dephoure N, O’Shea EK, Weissman JS. 2003. Global
analysis of protein expression in yeast. Nature 425:737-741. doi: 10.1038/nature02046.

Han D, Lerner AG, Vande Walle L, Upton JP, Xu WH, Hagen A, Backes BJ, Oakes SA, Papa FR. 2009. IRE1 alpha
kinase activation modes control alternate endoribonuclease outputs to determine divergent cell fates. Cell 138:
562-575. doi: 10.1016/].cell.2009.07.017.

Harding HP, Zhang YH, Ron D. 1999. Protein translation and folding are coupled by an endoplasmic-reticulum-
resident kinase. Nature 397:271-274. doi: 10.1038/16729.

Haze K, Yoshida H, Yanagi H, Yura T, Mori K. 1999. Mammalian transcription factor ATFé6 is synthesized as
a transmembrane protein and activated by proteolysis in response to endoplasmic reticulum stress. Molecular
Biology of the Cell 10:3787-3799. doi: 10.1091/mbc.10.11.3787.

Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS. 2009. Regulated Ire1-dependent decay of messenger
RNAs in mammalian cells. Journal of Cell Biology 186:323-331. doi: 10.1083/jcb.200903014.

Hollien J, Weissman JS. 2006. Decay of endoplasmic reticulum-localized mRNAs during the unfolded protein
response. Science 313:104-107. doi: 10.1126/science.1129631.

Jungnickel B, Rapoport TA. 1995. A Posttargeting signal sequence recognition event in the endoplasmic-reticulum
membrane. Cell 82:261-270. doi: 10.1016/0092-8674(95)90313-5.

Jurkin J, Henkel T, Nielsen AF, Minnich M, Popow J, Kaufmann T, Heindl K, Hoffmann T, Busslinger M, Martinez J.
2014. The mammalian tRNA ligase complex mediates splicing of XBP1 mRNA and controls antibody secretion in
plasma cells. The EMBO Journal 33:2922-2936. doi: 10.15252/embj.201490332.

Kosmaczewski SG, Edwards TJ, Han SM, Eckwahl MJ, Meyer BI, Peach S, Hesselberth JR, Wolin SL, Hammarlund
M. 2014. The RtcB RNA ligase is an essential component of the metazoan unfolded protein response. EMBO
Reports 15:1278-1285. doi: 10.15252/embr.201439531.

Plumb et al. eLife 2015;4:e07426. DOI: 10.7554/eLife.07426 16 of 18


http://dx.doi.org/10.1016/j.molcel.2007.06.011
http://dx.doi.org/10.1146/annurev-biochem-072711-164732
http://dx.doi.org/10.1038/35014014
http://dx.doi.org/10.1146/annurev-biochem-062209-093836
http://dx.doi.org/10.1038/415092a
http://dx.doi.org/10.15252/embj.201488208
http://dx.doi.org/10.1016/0092-8674(93)90648-A
http://dx.doi.org/10.1016/0092-8674(93)90648-A
http://dx.doi.org/10.1038/nature02046
http://dx.doi.org/10.1016/j.cell.2009.07.017
http://dx.doi.org/10.1038/16729
http://dx.doi.org/10.1091/mbc.10.11.3787
http://dx.doi.org/10.1083/jcb.200903014
http://dx.doi.org/10.1126/science.1129631
http://dx.doi.org/10.1016/0092-8674(95)90313-5
http://dx.doi.org/10.15252/embj.201490332
http://dx.doi.org/10.15252/embr.201439531
http://dx.doi.org/10.7554/eLife.07426

LI FE Research article Biochemistry | Cell biology

Lakkaraju AK, Luyet PP, Parone P, Falguieres T, Strub K. 2007. Inefficient targeting to the endoplasmic reticulum
by the signal recognition particle elicits selective defects in post-ER membrane trafficking. Experimental Cell
Research 313:834-847. doi: 10.1016/j.yexcr.2006.12.003.

Lang S, Benedix J, Fedeles SV, Schorr S, Schirra C, Schauble N, Jalal C, Greiner M, Hassdenteufel S, Tatzelt J,
Kreutzer B, Edelmann L, Krause E, Rettig J, Somlo S, Zimmermann R, Dudek J. 2012. Different effects of Sec61
alpha, Sec62 and Secé3 depletion on transport of polypeptides into the endoplasmic reticulum of mammalian
cells. Journal of Cell Science 125:1958-1969. doi: 10.1242/jcs.096727.

Lee AH, Iwakoshi NN, Anderson KC, Glimcher LH. 2003. Proteasome inhibitors disrupt the unfolded protein
response in myeloma cells. Proceedings of the National Academy of Sciences of USA 100:9946-9951. doi: 10.
1073/pnas.1334037100.

Lee K, Tirasophon W, Shen X, Michalak M, Prywes R, Okada T, Yoshida H, Mori K, Kaufman RJ. 2002. IRE1-
mediated unconventional mRNA splicing and S2P-mediated ATF6 cleavage merge to regulate XBP1 in signaling
the unfolded protein response. Genes & Development 16:452-466. doi: 10.1101/gad.964702.

Lu YY, Liang FX, Wang XZ. 2014. A Synthetic biology Approach Identifies the mammalian UPR RNA ligase RtcB.
Molecular Cell 55:758-770. doi: 10.1016/j.molcel.2014.06.032.

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville JE, Church GM. 2013. RNA-guided human genome
engineering via Cas9. Science 339:823-826. doi: 10.1126/science.1232033.

Mariappan M, Li XZ, Stefanovic S, Sharma A, Mateja A, Keenan RJ, Hegde RS. 2010. A ribosome-associating factor
chaperones tail-anchored membrane proteins. Nature 466:1120-1124. doi: 10.1038/nature09296.

Mishiba K, Nagashima Y, Suzuki E, Hayashi N, Ogata Y, Shimada Y, Koizumi N. 2013. Defects in IRE1 enhance cell
death and fail to degrade mRNAs encoding secretory pathway proteins in the Arabidopsis unfolded protein
response. Proceedings of the National Academy of Sciences of USA 110:5713-5718. doi: 10.1073/pnas.
1219047110.

Mori K, Ma WZ, 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. doi: 10.1016/0092-8674(93)90521-Q.

Oyadomari S, Yun C, Fisher EA, Kreglinger N, Kreibich G, Oyadomari M, Harding HP, Goodman AG, Harant H,
Garrison JL, Taunton J, Katze MG, Ron D. 2006. Cotranslocational degradation protects the stressed
endoplasmic reticulum from protein overload. Cell 126:727-739. doi: 10.1016/j.cell.2006.06.051.

Park E, Rapoport TA. 2012. Mechanisms of Sec61/SecY-mediated protein translocation across membranes. Annual
Review of Biophysics 41:21-40. doi: 10.1146/annurev-biophys-050511-102312.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. 2013. Genome engineering using the CRISPR-Cas9
system. Nature Protocols 8:2281-2308. doi: 10.1038/nprot.2013.143.

Reid DW, Nicchitta CV. 2015. Diversity and selectivity in mRNA translation on the endoplasmic reticulum. Nature
Reviews. Molecular Cell Biology 16:221-231. doi: 10.1038/nrm3958.

Shaffer AL, Shapiro-Shelef M, Iwakoshi NN, Lee AH, Qian SB, Zhao H, Yu X, Yang L, Tan BK, Rosenwald A, Hurt
EM, Petroulakis E, Sonenberg N, Yewdell JW, Calame K, Glimcher LH, Staudt LM. 2004. XBP1, downstream of
Blimp-1, expands the secretory apparatus and other organelles, and increases protein synthesis in plasma cell
differentiation. Immunity 21:81-93. doi: 10.1016/].immuni.2004.06.010.

Sharma A, Mariappan M, Appathurai S, Hegde RS. 2010. In vitro dissection of protein translocation into the mammalian
endoplasmic reticulum. Methods in Molecular Biology 619:339-363. doi: 10.1007/978-1-60327-412-8_20.

Snapp EL, Reinhart GA, Bogert BA, Lippincott-Schwartz J, Hegde RS. 2004. The organization of engaged and
quiescent translocons in the endoplasmic reticulum of mammalian cells. Journal of Cell Biology 164:997-1007.
doi: 10.1083/jcb.200312079.

Sood R, Porter AC, Ma K, Quilliam LA, Wek RC. 2000. Pancreatic eukaryotic initiation factor-2 alpha kinase (PEK)
homologues in humans, Drosophila melanogaster and Caenorhabditis elegans that mediate translational control
in response to endoplasmic reticulum stress. Biochemical Journal 346:281-293. doi: 10.1042/0264-6021:
3460281.

Sriburi R, Jackowski S, Mori K, Brewer JW. 2004. XBP1: a link between the unfolded protein response, lipid
biosynthesis, and biogenesis of the endoplasmic reticulum. Journal of Cell Biology 167:35-41. doi: 10.1083/jcb.
200406136.

Stephens SB, Dodd RD, Brewer JW, Lager PJ, Keene JD, Nicchitta CV. 2005. Stable ribosome binding to the
endoplasmic reticulum enables compartment-specific regulation of mRNA translation. Molecular Biology of the
Cell 16:5819-5831. doi: 10.1091/mbc.E05-07-0685.

Tirasophon W, Lee K, Callaghan B, Welihinda A, Kaufman RJ. 2000. The endoribonuclease activity of mammalian
IRE1 autoregulates its mMRNA and is required for the unfolded protein response. Genes & Development 14:
2725-2736. doi: 10.1101/gad.839400.

Tirasophon W, Welihinda AA, Kaufman RJ. 1998. A stress response pathway from the endoplasmic reticulum to
the nucleus requires a novel bifunctional protein kinase/endoribonuclease (Ire1p) in mammalian cells. Genes &
Development 12:1812-1824. doi: 10.1101/gad.12.12.1812.

Volmer R, van der Ploeg K, Ron D. 2013. Membrane lipid saturation activates endoplasmic reticulum unfolded
protein response transducers through their transmembrane domains. Proceedings of the National Academy of
Sciences of USA 110:4628-4633. doi: 10.1073/pnas.1217611110.

Walter P, Blobel G. 1981. Translocation of proteins across the endoplasmic-reticulum 3. Signal recognition protein
(Srp) causes signal sequence-dependent and site-specific arrest of chain elongation that is released by
microsomal-membranes. Journal of Cell Biology 91:557-561. doi: 10.1083/jcb.91.2.557.

Walter P, Blobel G. 1983. Preparation of microsomal-membranes for cotranslational protein translocation.
Methods in Enzymology 96:84-93.

Plumb et al. eLife 2015;4:e07426. DOI: 10.7554/eLife.07426 17 of 18


http://dx.doi.org/10.1016/j.yexcr.2006.12.003
http://dx.doi.org/10.1242/jcs.096727
http://dx.doi.org/10.1073/pnas.1334037100
http://dx.doi.org/10.1073/pnas.1334037100
http://dx.doi.org/10.1101/gad.964702
http://dx.doi.org/10.1016/j.molcel.2014.06.032
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1038/nature09296
http://dx.doi.org/10.1073/pnas.1219047110
http://dx.doi.org/10.1073/pnas.1219047110
http://dx.doi.org/10.1016/0092-8674(93)90521-Q
http://dx.doi.org/10.1016/j.cell.2006.06.051
http://dx.doi.org/10.1146/annurev-biophys-050511-102312
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1038/nrm3958
http://dx.doi.org/10.1016/j.immuni.2004.06.010
http://dx.doi.org/10.1007/978-1-60327-412-8_20
http://dx.doi.org/10.1083/jcb.200312079
http://dx.doi.org/10.1042/0264-6021:3460281
http://dx.doi.org/10.1042/0264-6021:3460281
http://dx.doi.org/10.1083/jcb.200406136
http://dx.doi.org/10.1083/jcb.200406136
http://dx.doi.org/10.1091/mbc.E05-07-0685
http://dx.doi.org/10.1101/gad.839400
http://dx.doi.org/10.1101/gad.12.12.1812
http://dx.doi.org/10.1073/pnas.1217611110
http://dx.doi.org/10.1083/jcb.91.2.557
http://dx.doi.org/10.7554/eLife.07426

e LI F E Research article

Biochemistry | Cell biology

Walter P, Ron D. 2011. The unfolded protein response: from stress pathway to homeostatic regulation. Science
334:1081-1086. doi: 10.1126/science.1209038.

Wang SY, Kaufman RJ. 2012. The impact of the unfolded protein response on human disease. Journal of Cell
Biology 197:857-867. doi: 10.1083/jcb.201110131.

Wang XZ, Harding HP, Zhang YH, Jolicoeur EM, Kuroda M, Ron D. 1998. Cloning of mammalian Ire1 reveals
diversity in the ER stress responses. The EMBO Journal 17:5708-5717. doi: 10.1093/emboj/17.19.5708.

Yanagitani K, Imagawa Y, lwawaki T, Hosoda A, Saito M, Kimata Y, Kohno K. 2009. Cotranslational targeting of
XBP1 protein to the membrane promotes cytoplasmic splicing of its own mRNA. Molecular Cell 34:191-200.
doi: 10.1016/j.molcel.2009.02.033.

Yanagitani K, Kimata Y, Kadokura H, Kohno K. 2011. Translational pausing ensures membrane targeting and
cytoplasmic splicing of XBP1u mRNA. Science 331:586-589. doi: 10.1126/science.1197142.

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. doi: 10.1016/S0092-8674
(01)00611-0.

Yoshida H, Oku M, Suzuki M, Mori K. 2006. pXBP1(U) encoded in XBP1 pre-mRNA negatively regulates unfolded
protein response activator pXBP1(S) in mammalian ER stress response. Journal of Cell Biology 172:565-575.
doi: 10.1083/jcb.200508145.

Zheng L, Baumann U, Reymond JL. 2004. An efficient one-step site-directed and site-saturation mutagenesis
protocol. Nucleic Acids Research 32:e115. doi: 10.1093/nar/gnh110.

Plumb et al. eLife 2015;4:e07426. DOI: 10.7554/eLife.07426 18 of 18


http://dx.doi.org/10.1126/science.1209038
http://dx.doi.org/10.1083/jcb.201110131
http://dx.doi.org/10.1093/emboj/17.19.5708
http://dx.doi.org/10.1016/j.molcel.2009.02.033
http://dx.doi.org/10.1126/science.1197142
http://dx.doi.org/10.1016/S0092-8674(01)00611-0
http://dx.doi.org/10.1016/S0092-8674(01)00611-0
http://dx.doi.org/10.1083/jcb.200508145
http://dx.doi.org/10.1093/nar/gnh110
http://dx.doi.org/10.7554/eLife.07426


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


