Membrane aberrancy and unfolded proteins

ARTICLE

activate the endoplasmic reticulum stress sensor

Ire1 in different ways

Thanyarat Promlek*, Yuki Ishiwata-Kimata*, Masahiro Shido, Mitsuru Sakuramoto, Kenji Kohno,

and Yukio Kimata

Graduate School of Biological Sciences, Nara Institute of Science and Technology, lkoma, Nara 630-0192, Japan

ABSTRACT Eukaryotic cells activate the unfolded-protein response (UPR) upon endoplasmic
reticulum (ER) stress, where the stress is assumed to be the accumulation of unfolded pro-
teins in the ER. Consistent with previous in vitro studies of the ER-luminal domain of the
mutant UPR initiator Ire1, our study show its association with a model unfolded protein in
yeast cells. An Ire1 luminal domain mutation that compromises Ire1’s unfolded-protein-asso-
ciating ability weakens its ability to respond to stress stimuli, likely resulting in the accumula-
tion of unfolded proteins in the ER. In contrast, this mutant was activated like wild-type Ire1
by depletion of the membrane lipid component inositol or by deletion of genes involved in
lipid homeostasis. Another Ire1 mutant lacking the authentic luminal domain was up-regulat-
ed by inositol depletion as strongly as wild-type Ire1. We therefore conclude that the cytoso-
lic (or transmembrane) domain of Ire1 senses membrane aberrancy, while, as proposed previ-
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ously, unfolded proteins accumulating in the ER interact with and activate Ire1.

INTRODUCTION

The unfolded-protein response (UPR), the basic concept of which
was initially proposed by Kozutsumi et al. (1988), has been generally
considered as transcriptional induction of endoplasmic reticulum
(ER) chaperone genes in response to accumulation of unfolded se-
cretory proteins in the ER. Of the ER membrane proteins that medi-
ate the intracellular signal for the UPR, only Ire1 is known to be
evolutionarily conserved throughout eukaryotes (Mori, 2009). Ire1 is
a type 1 transmembrane protein carrying endoribonuclease activity
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in its cytosolic region. The best-documented function of Ire1 is cyto-
plasmic splicing of the yeast HAC1 and the metazoan XBP7 mRNAs
that produce RNAs that are translated into transcription factor pro-
teins (Ron and Walter, 2007).

Cellular stress conditions evoking the UPR are cumulatively
called ER stress; this has been generally believed to mean accumu-
lation of unfolded proteins in the ER. We and others previously
reported that the ER chaperone BiP associates with and deacti-
vates Ire1 under nonstress conditions (Bertolotti et al., 2000;
Okamura et al., 2000; Kimata et al., 2003). ER stress causes disso-
ciation of BiP from Ire1, which then leads to clustering of Irel
(Kimata et al., 2007). The formation of clusters of Ire1 contributes
to gathering and efficient splicing of its target RNA (Aragén et al.,
2009; Korennykh et al., 2009). The molecular mechanism by which
BiP dissociates from Ire1 is still obscure, since some observations
(reviewed in Kimata and Kohno, 2011) argue against a simple
model in which unfolded proteins accumulating in the ER deprive
Ire1 of BiP. Thus it is unclear whether unfolded proteins are directly
involved in the dissociation of BiP from Ire1.

On the other hand, further studies argue for direct involvement
of unfolded proteins in activation of yeast Ire1. As illustrated in
Figure 1A, the BiP-binding site is located on subregion V of the
luminal domain of Ire1 (Kimata et al., 2004). Since Ire1 mutants
carrying deletions in subregion V are still regulated by ER stress
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FIGURE 1: Current model for structure and function of the luminal
domain of S. cerevisiae Ire1. The luminal domain of yeast Ire1 can be
divided into five subregions. Subregions | (aa 32-111), Il (aa 243-272),
and V (aa 455-524) are loosely folded, while subregions Il (aa
112-242) and IV (aa 273-454) form the tightly folded CSSR (Kimata

et al., 2004; Oikawa et al., 2005; Credle et al., 2005). (A) Under
nonstress conditions, BiP associates with subregion V (Kimata et al.,
2004). Dissociation of BiP from Ire1 leads to cluster formation of Ire1,
the structural basis of which is two different modes of CSSR
homoassociation (homoassociation via interfaces | and IlI; Credle et al.,
2005; Kimata et al., 2007). Unfolded proteins then directly interact
with the Ire1 cluster, causing full activation of Ire1 (Kimata et al.,
2007). (B) The CSSR dimer associated via interface | forms a cavity-like
structure, by which unfolded proteins may be captured (Credle et al.,
2005). (C) The dashed lines indicate the positions of amino acid
residues deleted in the Al (aa 32-91), Alll (aa 253-272), and AV (aa
463-524) mutations. The bZIP mutant of Ire1 carries the bZIP domain
of Gen4 instead of subregions | to V.

almost as well as wild-type Ire1, BiP is unlikely to be the principal
determinant of Ire1’s activity (Kimata et al., 2004; Pincus et al.,
2010). Credle et al. (2005) reported the x-ray crystal structure of
the core stress-sensing region (CSSR; Figure 1B) of Ire1, which,
when dimerized, forms a cavity that may capture unfolded pro-
teins. Interaction of unfolded proteins with Ire1 has also been sup-
ported by our study showing a recombinant CSSR protein inhibits
aggregation of denatured model proteins in vitro (Kimata et al.,
2007). A truncation mutation, Alll (see Figure 1C for mutation loca-
tion) abolished this ability of the CSSR. The direct interaction of
unfolded proteins with Ire1 is likely to contribute to activation of
Ire1, since Alll Ire1 was poorly activated by ER stress induced by
treatment of cells with the thiol-reducing agent dithiothreitol (DTT)
or N-glycosylation inhibitor tunicamycin (Kimata et al., 2007). We
therefore propose that Ire1 is activated upon ER stress conditions
via two sequential steps, namely, its clustering, followed by the
dissociation of BiP and direct interaction of unfolded proteins with
the Ire1 cluster.
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Nevertheless, it is unlikely that the UPR is activated only in order
to cope with unfolded proteins accumulated in the ER. Compre-
hensive gene expression studies showed that UPR transcriptionally
induces not only ER chaperones and protein degradation factors,
but also various proteins, including ER translocon components,
COPII coat components, and enzymes for ER membrane biogen-
esis via the Ire1-HACT pathway (Travers et al., 2000; Kimata et al.,
2006). Deletion of either the IRET or the HAC1 gene confers aux-
otrophy for inositol, an important component of phospholipids, on
yeast cells. It should be noted that expression of Ire1 is induced by
depletion of inositol from yeast culture (Cox et al., 1997). As re-
viewed in Rutkowski and Hegde (2010) and argued in the Discus-
sion, the UPR signal pathway is activated and required under vari-
ous physiological and pathological situations in mammals, some of
which do not seem to be tightly related to protein load in the ER.

In this study, we have examined activation steps of yeast Ire1
upon various stress conditions. Our findings indicate that unfolded
proteins actually associate with Ire1 for its activation, while other
stress stimuli that are strongly related to aberrancy of membrane
homeostasis activate Ire in a different manner. This observation
emphasizes roles of the UPR not restricted to response to unfolded
proteins accumulated in the ER.

RESULTS

In vivo association of a model unfolded protein with Ire1

The ability of Ire1 to associate with unfolded proteins has been
proposed by structural and biochemical analyses of recombinant
CSSR proteins (Credle et al., 2005; Kimata et al., 2007). To further
support the idea of a physical interaction between unfolded pro-
teins and Ire1, we investigated whether such complexes are
formed in yeast cells. The G255R mutant of Prc1 carboxypepti-
dase Y (CPY), known as CPY*, fails to be correctly folded and trans-
ported to the vacuole (Finger et al., 1993). Green fluorescent pro-
tein (GFP)-tagged, wild-type CPY (CPY-GFP) or CPY* (CPY*-GFP)
was constitutively produced from the strong TEFT promoter
(Figure 2). Activation of the UPR by these proteins was checked by
induction of a lacZ reporter controlled by the UPR promoter ele-
ment (UPRE), which the Hac1 protein directly activates (Kawahara
etal., 1997; Figure 2A). As expected, the reporter was induced by
expression of CPY*-GFP, and less strongly induced by CPY-GFP.
This observation was reproduced by an assay for Ire1-dependent
HACT-mRNA production, in which cellular RNA samples were
used for reverse transcriptase PCR (RT-PCR) amplification of the
HAC1 mRNAs (Figure 2B). We therefore think that CPY-GFP may
be somewhat unfolded, while CPY*-GFP acts as a more obviously
unfolded-protein model. This insight is supported by immunofluo-
rescence images showing an ER localization pattern that coincides
with the BiP-staining pattern for CPY*-GFP, while CPY-GFP seems
to be further partially transported (Figure 2C).

Cells were treated with the chemical cross-linker dithiobis(succin
imydylpropionate) (DSP) before cell lysis and anti-GFP immunopre-
cipitation (IP; Figure 3A). In agreement with the ER retention of
CPY*-GFP, this protein appeared as a single protein band in an anti-
GFP Western blot of the lysate and the anti-GFP IP samples. Also
consistent with the above result, CPY-GFP partially converted to the
fast-mobility vacuolar form. Significantly, coexpressed hemaggluti-
nin (HA) epitope-tagged Ire1 (Ire1-HA) was coimmunoprecipitated
with CPY*-GFP, but less abundantly with CPY-GFP.

In Figure 3B, we present the results of a reverse immunoprecipi-
tation experiment, in which CPY*-GFP was expressed from the in-
ducible GALT promoter, since we failed to transform ire 1-null strains
with the CPY*-GFP constitutive expression plasmid. Consistent with
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FIGURE 2: UPR inducibility and cellular localization of CPY-GFP and CPY*-GFP. (A) An ire1A
strain KMY1015 carrying both the wild-type IRET (WT Ire1) plasmid pRS315-IRE1-HA and the
UPRE-lacZ reporter plasmid pCZY1 was further transformed with the CPY-GFP or the CPY*-GFP
expression plasmid (pRS313-TEF1pr-CPY-GFP or pRS313-TEF1pr-CPY*-GFP) or empty vector
pRS313 (Vector). The transformant strains were then assayed for cellular B-galactosidase activity,
the values of which are normalized against that of vector control cells (set at 1.00). In the “no
ire1” sample, cells carried vector plasmids pRS315 and pRS313. Error bars represent the SDs
from three independent transformants. According to Student’s t test, all values are statistically
different from each other (p < 0.05). (B) Total RNA samples from the duplicate transformants
used in (A) were subjected to RT-PCR to amplify the HACT products, HAC1" (u) and HACT' (i),
which were then fractionated by 13% acrylamide-gel electrophoresis and visualized by
fluorescence signal from a fluorescently labeled PCR primer. (C) The transformant strains used in
(A) were double-stained with chicken anti-GFP antibody/fluorescein isothiocyanate (FITC)-
labeled secondary antibody and rabbit anti-yeast BiP antibody/Cy3-labeled secondary antibody.

2005; Kimata et al., 2007; Aragén et al.,
2009).

Cells were treated with DSP were sub-
jected to anti-GFP immunoprecipitation in
order to check association between CPY*-
GFP and Ire1 mutants (Figure 4A). The cel-
lular level of CPY*-GFP was highest in irel-
null cells and lowest in cells carrying
wild-type Ire1-HA (Figure 4A, top panel).
This observation correlates with the profile
of UPR activation by the IRET mutants shown
in Figure 4C. Potent UPR in the wild-type
Ire1-HA cells is likely to accelerate ER-asso-
ciated protein degradation of CPY*-GFP,
which is compromised in the ireT-null cells
(Travers et al., 2000).

The results shown in Figure 4A are quan-
titatively expressed in Figure 4B. The T226W/
F247A mutation partially compromised the
association of Ire1 with CPY*-GFP, while the
W426A mutation showed only a slight effect.
This finding seems to agree with the idea
that homoassociation via interface | but not
via interface Il is required to form the cavity
(see Figure 1B). Importantly, the MFY cavity
mutation and the Alll mutation impaired the
association of Ire1 with CPY*-GFP. This ob-
servation is consistent with our previous re-
port that these mutations abolish in vitro
ability of the CSSR to interact with model un-
folded proteins (Kimata et al., 2007).

As shown in Figure 4C, all of the Ire1 mu-
tations used here compromised the ability
of Ire1 to evoke the UPR upon cellular ac-
cumulation of CPY*-GFP. This observation
was reproduced by checking cellular HAC1
mRNA splicing (Figure 4D). We think that
W426A Ire1 exhibited weak UPR activity, de-
spite having unfolded-protein-interacting
ability, due to its inability to form clusters.
Meanwhile, the compromising of activity of
the other Irel mutants seems to be ex-
plained in part by their impaired ability to interact with unfolded
proteins.

Since Alll Ire1 clusters as well as wild-type Ire1 upon potent ER
stress (Kimata et al., 2007), we think that the Alll mutation specifi-
cally impairs the association between Ire1 and unfolded proteins. In
contrast, the MFY mutation has been reported to somehow confer
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FIGURE 3: In vivo association of CPY*-GFP with Ire1. (A) The ire1A
strain KMY1015 carrying both HA-tagged Ire1 plasmid pRS426-IRE1-
HA and pRS313-TEF1pr-CPY-GFP or pRS313-TEF1pr-CPY*-GFP (or
empty vector pRS313; Vector) was incubated with protein cross-linker
DSP before cell lysis and anti-GFP IP. Subsequently, the lysate and the
anti-GFP IP samples were analyzed by anti-HA or anti-GFP Western
blotting. (B) The ire1A strain transformed with both pRS426-IRE1-HA
(or empty vector pRS426 for lanes 1 and 7) and a GALT promoter-
inducible CPY-GFP or CPY*-GFP plasmid, pRS313-GAL1pr-CPY-GFP
or pRS313-GAL1pr-CPY*-GFP, was cultured in galactose-containing
medium (see Materials and Methods for detail). After incubation with
DSP, cells were lysed and analyzed by anti-HA IP, followed by anti-HA
or anti-GFP Western blotting. In lanes 2, 3, and 4 and 8, 9, and 10,
samples from three independent clones were analyzed. Cells for lane
6 carried an empty vector pRS313 instead of the CPY-GFP or
CPY*-GFP plasmid. A molecular mass marker (M) was loaded in

lane 5.

more diverse damage on the CSSR structure and function than the
Alll mutation (Kimata et al., 2007). It should be noted that Alll Ire1
showed wild-type-like activity under the nonstress conditions, while
the MFY mutation, as well as the homoassociation mutations
T226W/F247A and W426A, compromised Ire1’s activity (Figure 4C).
This observation strongly suggests that the unfolded-protein asso-
ciation with the CSSR is not required for basal-level activity of Ire1
under nonstress conditions, and confirms an unexpected side effect
of the MFY mutation. We therefore used the Alll mutation to ad-
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dress the requirement for an unfolded protein—-CSSR interaction for
activation of Ire1 by various stress stimuli.

Alll Ire1 is activated as well as wild-type Ire1
upon inositol depletion
We monitored time-course changes in cellular HACT mRNA-splic-
ing efficiency and expressed them as quantified data (HACT mRNA
splicing%; Figure 5, A-C) obtained from raw gel images (examples
shown in Supplemental Figure S1). Because ireTA cells showed
no HACT mRNA splicing under various conditions used here
(Figure S2), this assay actually enabled us to estimate Ire1’s activity.
As shown in Figure 5A, upon addition of 3 mM final concentra-
tion of DTT into the culture, wild-type Ire1 exhibited rapid and po-
tent activation, which reached a peak level ~30 min after the stimu-
lus onset and then gradually attenuated. In the case of Alll Ire1, such
a rapid activation was not observed. Instead, and unexpectedly, Alll
Ire1 gradually enhanced its HACT mRNA splicing activity, which 5 h
after the stimulus onset was comparable to that of wild-type Ire1.
Similar results were obtained when cells were treated with 0.6 pg/ml
tunicamycin (Figure 5B). In contrast, we also noticed that inositol
depletion from culture media conferred similar activation profiles,
which reached a peak ~5 h after the stress onset, in wild-type Ire1
and Alll Ire1 (Figure 5C). Figure 5D shows that the Alll mutation
impaired the acute activation (30 min after stress onset) at any con-
centration of DTT.

Activation steps of Ire1 upon inositol depletion

We have previously proposed that upon conventional ER stress
by treatment with DTT or tunicamycin, BiP dissociates from Ire,
which then clusters (Kimata et al., 2007; Aragon et al., 2009; Li
et al., 2010). In this study, we explored whether activation of Ire
by inositol depletion also accompanies these molecular events.
In vivo association of BiP with wild-type Ire1 was checked by anti-
HA co-IP of BiP with Ire1-HA (Figure 6A). In a concentration-de-
pendent manner, cellular exposure to DTT for 30 min caused BiP
dissociation from Ire1. Moreover, inositol depletion for 4 h also
caused BiP dissociation from Ire1. It should be noted that the
3 mM DTT sample showed a level of BiP dissociation similar to
the inositol-depleted sample, in agreement with similar HAC1
splicing efficiencies under these two experimental conditions
(Figure 5, A and C). A similar tendency was seen when we checked
cluster formation of Ire1 (Figure 6B). As performed in our previ-
ous study (Kimata et al., 2007), cellular localization of Ire1-HA
was visualized by anti-HA immunofluorescence staining, which
showed that not only DTT treatment but also inositol depletion
changes the cellular localization of Ire1-HA from an ER-like dou-
ble-ring pattern to a dot-like pattern. We think the dot-like stain-
ing pattern actually represents clustering of Ire1, since it was not
observed when the homoassociation mutation W426A was intro-
duced into Iref.

On the other hand, the cluster formation is not sufficient for full
HAC1 mRNA-splicing activity of Ire1. According to our previous re-
port (Kimata et al., 2007), the AIAV double-deletion mutation (see
Figure 1C for mutation location) causes nonregulated cluster forma-
tion of Ire1, probably because in addition to the binding of BiP to
subregion V, subregion | somehow suppresses the cluster formation
of Ire1. Significantly, AIAV Ire1 is strongly up-regulated by tunicamy-
cin or DTT treatment, while the AIAIIIAV triple-deletion mutant is not
(Oikawa et al., 2007; Kimata et al., 2007). These observations have
led us to propose that the physical interaction between unfolded
proteins and the CSSR causes full activation of clustered Ire1. In this
study, we investigated inositol depletion (Figure 6C). Confirming
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FIGURE 4: Effect of the CSSR mutations on relationship between Ire1 and CPY*-GFP. (A) The
ire1A strain KMY1015 transformed with both pRS313-GAL1pr-CPY*-GFP and pRS426-IRE1-HA
or its mutants (or empty vector pRS426; no ire1) was cultured in galactose-containing medium
and analyzed as per Figure 3A. The asterisk denotes nonspecific bands. (B) The ratios of Ire1-HA
to CPY*-GFP signal in anti-GFP IP in triplicate experiments demonstrated in (A) were normalized
to that of wild-type Ire1 and are presented as “Binding efficiency to CPY*-GFP." (C) The ire1A
strain triply transformed with UPRE-lacZ plasmid pCZY1, plasmid pRS313-GAL1pr-CPY*-GFP (or
empty vector pRS313; Vector), and pRS315-IRE1-HA (WT) or its mutants (or empty vector
pRS315; no ire1) was cultured in galactose-containing medium before measuring cellular
B-galactosidase activity, the values of which are normalized against that of WT IRET Vector cells
(set at 1.00). Error bars represent the SDs from three independent transformants. According to
Student’s t test, the values of all CPY*-GFP mutant Ire1 samples are statistically different from
those of the CPY*-GFP WT IRET sample (p < 0.01). Also, when not carrying the CPY*-GFP
plasmid, the WT IRET sample exhibited statistical difference from the W426A, T226W/F247A,
and MFY mutant samples (p < 0.05). (D) Cells used in (C) were analyzed by RT-PCR to evaluate
splicing efficiency of the HACT mRNA.

our previous report (Kimata et al., 2007), acute (30 min after stress
onset) activation of AIAV Ire1 by DTT treatment was markedly com-
promised by introduction of the Alll mutation. At the same time, we
noticed that inositol depletion also resulted in considerable activa-
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tion of AIAV Ire1, which, however, was only
moderately compromised by the Alll muta-
tion. Ire1-HA and its mutants were detected
by anti-HA Western blot analysis of cell
lysates, indicating that, for unknown
reason(s), introduction of the Alll mutation
markedly reduces cellular expression level
of AIAV Ire1 but not of wild-type Ire1 (Figure
6D). This finding explains why the Alll muta-
tion compromises, albeit moderately, the
activation of AIAV Ire1, but not of wild-type
Ire1, upon inositol depletion.

The results shown in Figure 7 support
our idea that ER stress induced by inositol
depletion is essentially different from that
induced by DTT. We broke cells in the pres-
ence of the nonionic detergent Triton X-100
and centrifuged them to obtain protein-ag-
gregate fractions (Figure 7A). Via subse-
quent anti-BiP Western-blot analysis, a con-
siderable amount of BiP was detected in the
pellet fraction from cells stressed by DTT,
suggesting formation of unfolded-protein
aggregates in the ER. However, inositol de-
pletion did not result in such an effect, al-
though it activated Ire1 to a similar level as
DTT exposure under the conditions used
here (3 mM DTT for 30 min; see Figure 5).

Cells were cultured with the sphingolipid
synthesis inhibitor, myriocin, 5 h before and
during ER stress imposition (Figure 7B). No-
tably, myriocin compromised cellular HAC1
mRNA splicing not via DTT exposure but
through inositol depletion.

Activation of wild-type and Alll Ire1 by
gene deletion

We next asked what stress stimuli other than
inositol depletion activates Alll Ire1 to an in-
tensity similar to wild-type Ire1. Instead of
external stimuli, we used here deletion of
nonessential genes. Cellular UPR activity
was monitored by induction of a genome-
integrated UPRE-lacZ reporter (Figure 8A),
which allowed us to obtain low-deviation
data in comparison with a 2-p plasmid-borne
UPRE-lacZ reporter used in Figures 2A and
4C. Activation of Irel was also checked
through cellular HACT mRNA splicing
(Figure S3). To identify gene deletions that
evoke the UPR, we referred to Jonikas et al.
(2009), in which a UPRE-GFP reporter was
utilized to comprehensively screen the yeast
deletion strain stock. As detailed in Materi-
als and Methods, we checked the gene de-
letions reported to evoke the UPR by
Jonikas et al. (2009), reproduced their re-
sults with some exceptions, and finally chose
the 18 genes listed in Table 1.

Figures 8A and S3 show activation of wild-type Ire1 and Alll
Ire1 by deletion of these 18 genes. The values shown in Figure 8A
were then used to obtain the values in Figure 8B, which clearly

Molecular Biology of the Cell



under both nonstress and inositol-depleted
conditions. As well as the clusters of wild-

type Ire1 (Kimata et al., 2007; Aragén et al.,
2009), the bZIP-Ire1 clusters were formed on
the ER, since their location could be merged
with an anti-BiP antibody-staining image
(Figure 9B). We speculate that the oligomer-
forming ability of the cytosolic domain of
{ ] Irel (Korennykh et al., 2009) contributes to
) } the cluster formation of bZIP-Ire1.
) As anticipated from Liu et al. (2000),
treatment of cells with DTT or tunicamycin
activated bZIP-Ire1 (Figure 9C) but more
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slowly than wild-type Ire1 (compare to Fig-
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activation (30 min after stress onset) with
any concentration of DTT (Figure 9D).
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stress recognition using its cytosolic or trans-
] membrane domain. Wiseman et al. (2009)
indicated that Ire1 is artifactually activated
E by its interaction with small molecules such
as quercetin. Nevertheless, we do not think
that this is the cause of the luminal domain-
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independent activation of Ire1 shown here,
since activation of bZIP-Ire1 by inositol de-
pletion, as well as activation of wild-type
Ire1 by DTT treatment, was observed even
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FIGURE 5: Effect of the Alll mutation on activation of Ire1 by external stress stimuli. An ire1A
strain KMY1516 transformed with the wild-type IRET plasmid (pRS313-IRE1; WT) or its Alll
mutant version was stressed by adding DTT (A and D) or tunicamycin (B) or by shifting to inositol

when point mutations abolishing the small-
molecule interaction (Wiseman et al., 2009)
were introduced into the cytosolic domain
(Figure S4).

Alll Ired

depletion medium (C and D) at time 0. The total RNA samples were then analyzed by RT-PCR to

evaluate splicing efficiency of the HACT mRNA. Error bars represent the SDs from three

independent transformants.

demonstrates whether activation of Ire1 by a gene deletion was
compromised by the Alll mutation. Deletion of any of SCJ1, SPC2,
STE24, ERV14, ERV25, ALG3, EOS1, PMT2, or ERD1 activated wild-
type Ire1 more strongly than Alll Ire1. At the same time, wild-type
Ire1 and Alll Ire1 were similarly activated by deletion of any of
SEC28, BST1, LAS21, ARV1, GET1, OPI3, SCS3, ISC1, or MGAZ.
This finding indicates that Ire1 is activated by certain stress stimuli,
which are likely to cause membrane- or lipid-related abnormalities
(see Discussion for detailed explanations), without the interaction
between Ire1 and unfolded proteins.

Luminal domain-independent mode of stress sensing by Ire1
Liu et al. (2000) reported that Ire1 is somehow activated by tuni-
camycin treatment, even when its luminal domain is replaced by a
dimer-forming “basic-region leucine zipper” (bZIP) motif obtained
from nuclear transcription factor proteins. To support the idea that
Ire1 can be activated via a manner other than interaction between
the CSSR and unfolded proteins, we used bZIP-Ire1, in which the
bZIP domain of yeast Gend was substituted into subregions -V
(see Figure 1C). Unexpectedly, anti-HA immunofluorescence stain-
ing of bZIP-Ire1-HA (Figure 9A) showed that bZIP-Ire1 is clustered
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DISCUSSION
On the basis of structural and biochemical
analyses of recombinant CSSR proteins
(Credle et al., 2005; Kimata et al., 2007), we and others previously
proposed that the luminal domain of Ire1 has the ability to interact
with unfolded proteins. The in vivo association between Ire1 and
CPY*-GFP shown in this study (Figure 3) provides further supporting
evidence for this insight. Binding of CPY-GFP to Ire1 was less obvi-
ous than that of CPY*-GFP, probably because CPY-GFP was partially
transported out of the ER and/or because folding status is not the
same in CPY-GFP and CPY*-GFP. As described in Results, the ability
of the Ire1 mutants to associate with CPY*-GFP (shown in Figure 4,
A and B) is consistent with the notion that unfolded proteins are
captured by the CSSR cavity (Figure 1). Taking into consideration
observations from previous studies (Credle et al.,, 2005; Kimata
et al., 2007), the impaired activation of each Ire1 mutant (Figure 4C)
has to be considered on a case-by-case basis. For instance, the
W426A mutation abolishes the cluster formation of Ire1 without
considerably compromising its ability to associate with unfolded
proteins. In contrast, Alll Ire1 seems to be impaired with regard to its
association with unfolded proteins, while having cluster-forming
ability (Kimata et al., 2007).

This property of Alll Ire1 allowed us to explore involvement of
the unfolded-protein association in activation of Ire1 under various
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can each function as a BiP cochaperone, a
subunit of the signal peptidase complex or
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factors in N-glycosylation, the loss of these
proteins is likely to produce aberrant pro-
teins in the ER. Also, Pmt2 was recently re-
ported to be an O-mannosyltransferase that
- participates in protein quality control in the
ER (Goder and Melero, 2011). Evocation of
- the UPRby ERD1 deletion may be explained
by mislocalization of BiP (Hardwick et al.,
1990), which is also likely to impair protein
folding in the ER. Erv14 and Erv25, although
not required for COPIl-coated vesicle for-
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mation per se (Matsuoka et al., 1998), con-
tribute to ER-to-Golgi transport through
their physical interaction with cargo proteins
(Muniz et al., 2000; Powers and Barlowe,
2002). We therefore think that loss of Erv14
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FIGURE 6: Activation steps of Ire1 by DTT imposition and inositol depletion. (A) The ire1A strain
KMY1516 transformed with an HA-tagged Ire1 plasmid pRS423-IRE1-HA (or empty vector
pRS423; no ire1) was cultured in the indicated conditions, and the lysate and anti-HA IP samples
were analyzed by anti-HA or anti-BiP Western blotting. (B) Cells used in A (or carrying the
W426A mutant version of pRS423-IRE1-HA) were stressed by the indicated conditions and
stained by mouse anti-HA antibody/FITC-labeled secondary antibody. (C) The ire1A strains
transformed with the indicated mutant versions of pRS313-IRE1 were stressed by the indicated
conditions, and the total RNA samples were then analyzed by RT-PCR to evaluate splicing
efficiencies of the HACT mRNA. Error bars represent the SDs from three independent
transformants. (D) Cell lysates from the ire1A strain KMY1015 transformed with pRS315-IRE1-HA

or its mutant versions were analyzed by anti-HA Western blotting.

stress stimuli. We noticed that, unlike DTT or tunicamycin treatment,
inositol depletion activated Alll Ire1 at almost the same level and
time course as wild-type Ire (Figure 5C). On the basis of the results
from gene deletions (Figures 8), we propose that two different types
of stress stimuli activate the UPR in distinct manners.

Initially, stress stimuli causing accumulation of unfolded proteins
in the ER activate Ire1 via its interaction with the aberrant proteins.
Cellular expression of aberrant proteins (CPY*-GFP in this study);
DTT or tunicamycin treatment; and deletion of any of SCJ1, SPC2,
STE24, ALG3, EOS1, PMT2, ERD1, ERV14, and ERV25 seem to fall
into this category, since these stress stimuli activate wild-type Irel
more strongly than Alll Ire1. Given that Scj1, Spc2, Alg3, and Eos1
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AIAIIAV Iret or Erv25 causes stacking of cargo proteins

in the ER that is sensed by Ire1 in a manner
similar to sensing of unfolded-protein accu-
mulation. However, we can offer no expla-
nation as to why the STE24 deletion exhibits
such a UPR activation profile.
In contrast, deletion of certain other
2 genes, as well as inositol depletion, acti-
vates wild-type and Alll Ire1 almost equally.
kDa) We propose that these stress stimuli lead to

200 membrane- or lipid-related aberrations,
which activate Ire1 even without its interac-
tion with unfolded proteins. OPI3 and ISC1

- encode enzymes that metabolize phospho-
lipids. Scs3 is a member of the ER-located

- 75 FIT family of proteins, which are involved in

intensity1'00 93 144 54

fat storage (Kaderei et al., 2008). Although
the function of Arv1 and its metazoan or-
thologues is still obscure, their loss is re-
ported to perturb intracellular distribution
of lipidic components (Kajiwara et al., 2008;
Tong et al., 2010). Since Get1 is a member
of the GET complex, which mediates inser-
tion of tail-anchored proteins from cytosol
to the ER membrane (Schuldiner et al.,
2008), its loss is likely to damage primarily
the membrane, rather than the lumen of
the ER. It also seems reasonable that mem-
brane homeostasis is perturbed when
genes involved in glycosylphosphati-
dylinositol (GPI) anchor biogenesis, such as
LAS21 or BST1, are deleted. Although it is
possible that such mutations also adversely affect the integrity of
GPl-anchored proteins, this is not directly sensed by Ire1, because
the mutations activate wild-type Ire1 and Alll Ire1 equally. Interest-
ingly, SEC28, but not ERV14 or ERV25, falls into this category, al-
though all three genes are involved in intracellular vesicle trans-
port. While a possible role of Erv14 and Erv25 is to function as
cargo-protein receptors in the ER-to-Golgi transport (Mufiiz et al.,
2000; Powers and Barlowe, 2002), Sec28 is a component of the
coatomer (Duden et al., 1998; Kimata et al., 1999), which per se is
responsible for formation of transport vesicles in Golgi-to-ER re-
trieval transport. We therefore speculate that loss of Sec28 primar-
ily impairs membrane composition, but not protein flux, in the ER.
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FIGURE 7: Different properties of stress stimuli by DTT imposition
and inositol depletion. (A) The ire 1A strain KMY1516 carrying an IRE1
plasmid pRS316—IPE1 was stressed by the indicated conditions and
lysed by vortexing with glass beads in Triton X-100-containing buffer
as described in Kimata et al. (2003). After removal of debris by
centrifugation at 700 x g for 3 min, the lysates were further
fractionated by centrifugation at 8000 x g for 20 min. The pellet
(equivalent to 0.5 ODggg cells) and supernatant (equivalent to

0.1 ODggp cells) fractions were then analyzed by anti-BiP Western
blotting. (B) After being cultured with (+) or without (=) 0.5 pg/ml
myriocin for 5 h, KMY1516 cells carrying pRS316-IRE1 were stressed
by the indicated stimuli. In the myriocin (+) samples, 0.5 pg/ml
myriocin was also added into the stressing media. The total RNA
samples were then analyzed by RT-PCR to evaluate splicing efficiency
of the HACT mRNA. Error bars represent the SDs from three
independent cultures.

Inositol is one of the main components of phospholipids, and we
propose that UPR evocation by inositol depletion is also due to a
membrane-related abnormality. In other words, although inositol de-
pletion is reported to lead to altered conditions in the ER lumen (Merk-
samer et al., 2008), this is not the main factor that activates Ire1 upon
this stress stimulus. This is because, as mentioned in the next para-
graph, inositol depletion causes up-regulation of bZiP-Ire 1, which lacks
the authentic Ire1 luminal domain, as well as wild-type Ire1 (Figure 9C
and D). Moreover, while DTT exposure produced BiP-containing pro-
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Processing or folding of secretory proteins in the ER

SCJ1 Co-chaperone of BiP

SPC2 Subunit of signal peptidase
Glycosylation

ALG3 Synthesis of oligosaccharide
donor for N-linked glycosyla-
tion of proteins

EOS1 N-linked glycosylation

PMT2 Protein O-mannosyltransferase

Vesicle transport and related events

ERV14 Cargo receptor in ER-to-Golgi
transport

ERV25 Cargo receptor in ER-to-Golgi
transport

SEC28 Subunit of COPI vesicle coat

GPl-anchor production

BST1 GPI inositol deacylase

LAS21 Synthesis of the GPI core
structure

Lipid metabolism and homeostasis

ARV1 Intracellular transport of lipidic
components

OPI3 Phosphatidylcholine biosyn-
thesis

SCS3 FIT family protein (triglyceride
droplet biosynthesis)

ISC1 Phosphosphingolipid phos-
pholipase C

MGA2 Transcriptional regulation of
OLE1 encoding & fatty acid
desaturase

Other function related to ER membrane

GET1 Insertion of tail-anchored pro-
teins into the ER membrane
from cytosol

Unknown function
STE24 Zinc metalloprotease
ERD1 Retention of BiP in the ER

Gene functions described here are based on SGD.

TABLE 1: S. cerevisiae genes deleted for UPR induction in this study.

tein aggregates, inositol depletion failed to exhibit such an effect
(Figure 7A). This observation implies that inositol depletion does not
damage protein folding in the ER lumen as potently as DTT. It also
should be noted that myriocin, an inhibitor of sphingolipid biosynthe-
sis, compromises activation of Ire1 by inositol depletion but not by
DTT exposure (Figure 7B). Although the link between sphingolipids or
biosynthetic intermediates of sphingolipids and the UPR is obscure,
this finding strongly suggests a tight relationship between cellular
membrane conditions and Ire1 activation by inositol depletion.

The activation steps of Ire1 upon DTT or tunicamycin treatment
have been documented in our previous report (Kimata et al., 2007),
which proposed that dissociation of BiP from Ire1 causes cluster
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Ire1 and, albeit slightly weakly, AIAIIIAV Ire1.
We therefore conclude that, instead of inter-

action between unfolded proteins and Ire1,

an undisclosed molecular event occurs to
give full activation of clustered Ire1 mole-

m WT Iret
| Alll Iret

cules upon inositol depletion. Since bZIP-
Ire1 responded well to inositol depletion
(Figure 9, C and D), the luminal domain of
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ygels
cbe
LSo8
2wwd
Lpio
v LAID
GZAle
ggoes
11sq
Lse|
LAJEe
1106
¢ido

oy)

Ire is unlikely to contribute to sensing this
stress stimulus.

Unlike the quick activation of wild-type
Ire1 observed upon treatment with DTT or
tunicamycin (peak activation within 30 min
or 1 h after stimulus onset; Figure 5, A and
B), activation of wild-type Ire1, and also of
Alll Ire1 and bZIP-Ire1, by inositol depletion
is rather slow (Figures 5C and 9C). Although
this time lag may be due to residual cellular
inositol stock, it is also possible that the cel-
lular mechanism activating Ire1 upon inosi-
tol depletion per se is slow in responding.
We therefore speculate that the cellular re-
sponse to membrane-related ER stress need
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FIGURE 8: Gene deletion-induced activation profile of wild-type and Alll Ire1. (A) As described
in Materials and Methods, the ire1A strain KMY1516 (chromosomally carrying the 5X UPRE-lacZ
reporter gene) was modified to carry the wild-type (WT) or the Alll IRET gene (pRS313-IRE1 or
its mutant) and a deletion of the indicated genes. Subsequently, B-galactosidase activity of cells
cultured without external stress stimuli was assayed and normalized against that of wild-type
IRE1 wild-type cells (set at 1.00). Error bars represent the SDs from three independent
transformants. According to Student’s t test, the Alll mutation significantly compromised cellular
B-galactosidase activity of cells carrying deletion of SCJ1, SPC2, STE24, ALG3, EOS1, PMT2,
ERV14, ERV25, or ERD1, but not of WT cells or cells carrying deletion of the other genes (p <
0.05). (B) The ratio of the value for Alll Ire1 cells against that for WT Ire1 cells shown in (A) is

calculated for each deletion and presented.

formation of Ire1, while unfolded proteins interact with the Ire1 clus-
ters for full activation. To explore the activation steps of Ire1 that are
independent of unfolded proteins, we used inositol depletion as a
model stress condition. BiP dissociation and cluster formation of
Ire1 were also observed upon inositol depletion (Figure 6, A and B).
The AIAV mutation abolishes BiP binding and causes constitutive
clustering of Ire1 (Oikawa et al., 2007; Kimata et al., 2007). In the
present study, we noticed that inositol depletion up-regulates AIAV
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not be acute. Conversely, the response of
Ire1 to unfolded-protein accumulation is so
acute that cells can cope with such a stress
condition quickly. It should be noted that
DTT and tunicamycin somehow activated
Alll Ire1 and bZIP-Ire1, albeit more slowly
and weakly than observed for wild-type Ire1
(Figures 5, A and B, and 9C). We speculate
that these conventional ER stressors also
disturb membrane homeostasis and then
slowly activate Ire1, even when it carries a
mutation abolishing its ability to associate
with unfolded proteins. Excess accumula-
tion of aberrant proteins in the ER may con-
comitantly damage the ER membrane.
Mammals carry two Ire1 paralogues, of
which IRETa is the major version expressed
ubiquitously. According to the x-ray crystal
structure reported by Zhou et al. (2006), the
luminal domain of IRE1a carries a cavity-like
structure, which, however, is too narrow to
capture unfolded proteins, unlike that of
yeast Ire1. Moreover, we failed to demon-
strate in vitro interaction between unfolded
proteins and a recombinant luminal-domain
fragment of IRE1a (Oikawa et al., 2009).
While one explanation for these observa-
tions is that the size of the IRETa cavity is
somehow regulated and enlarged when it is
required to capture unfolded proteins, it is
also possible that IRE1o lacks the ability to
associate with unfolded proteins. Meanwhile, BiP association/dis-
sociation is not likely to be the sole determinant of IRE1a activity,
since an IRE1a truncation mutant lacking the major BiP-binding re-
gion is still up-regulated by ER stress (Oikawa et al., 2009). We
therefore think that the new mechanism of stress sensing presented
here may also contribute to activation of IRETo. upon ER stress.
How does the cytosolic (or transmembrane) domain of Ire1 sense
stress stimuli? It is an attractive idea, as proposed by Wiseman et al.
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Vector Non-stress WT Ire1 Non-stress

bZIP-Ire1 Non-stress bZIP-Ire1 —inositol 4 hr

bZIP-Irel

symptoms of which are alleviated by chem-
ical chaperones (Ozcan et al., 2006). Cunha
et al. (2008) and Wei et al. (2006) described
lipid-induced ER stress followed by cellular
damage of pancreatic B cells and liver cells.
Furthermore, as reviewed by Zheng et al.
(2010), the UPR pathway is involved in lipo-
genesis of mammalian cells, as well as of
yeast. It is widely accepted that IRE1a. and
its downstream target XBP1 are required
for homeostasis maintenance of and/or dif-
ferentiation to cells or tissues secreting
high levels of proteins, such as antibody-
producing plasma cells, pancreatic B cells,
and placenta, in which the ER membrane is
highly proliferated (lwakoshi et al., 2003;
Lipson et al., 2008; lwawaki et al., 2009,

BiP

Normarski

5um

2010). One possible explanation for this is
that excess influx of proteins into the ER
leads to activation of ER stress sensors, in-
cluding IRE1a. However, this idea is not
supported by the observation that mutant
B lymphocytes engineered to lack antibody
production also activate XBP1 upon their
differentiation to plasma cells (Hu et al.,
2009). We therefore think that upon various
lipid- or membrane-related stimuli, mem-
brane stress per se and concomitant accu-
mulation of unfolded proteins are recog-
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Cellular localization and activity of bZIP-Ire1. (A) The ire1A strain KMY1516
transformed with wild-type (WT) pRS423-IRE1-HA or its bZIP mutant version (or empty vector
pRS423 [Vector]) was cultured under the indicated conditions and stained by mouse anti-HA
antibody/FITC-labeled secondary antibody. (B) bZIP-lIre1-HA cells used in (A) were double-
stained with rabbit anti-HA antibody/Cy5-labeled secondary antibody and rabbit anti-yeast BiP
antibody/FITC-labeled secondary antibody. (C and D) The ire 1A strain transformed with the bZIP
mutant version of pRS313-IRE1 was stressed by the indicated stimuli. Total RNA samples were
then analyzed by RT-PCR to evaluate splicing efficiency of the HACT mRNA. Error bars represent

the SDs from three independent transformants.

(2009), that small molecules interact with the cytosolic domain of
Ire1 to up-regulate Ire1. However, the newly found ligand-binding
pocket (Wiseman et al., 2009) is unlikely to be involved in activation
of Ire1 upon inositol depletion (Figure S4). In the case of mammalian
IRE1 0, its activity has been reported to be modulated by association
with proteins other than BiP (Hetz et al., 2006; Luo et al., 2008;
Lisbona et al., 2009; Qiu et al., 2010). This matter may have to be
addressed in order to further elucidate the new mode of stress sens-
ing by Ire1.

It should be noted that various reports have touched upon evo-
cation of the UPR by lipid- or membrane-related stimuli. Pineau et
al. (2009) and Deguil et al. (2011) proposed that an imbalanced
fatty acid composition could activate yeast Ire1. In contrast to the
concept we are now presenting, Pineau et al. (2009) argued that
activation of Ire1 by the fatty acid imbalance involves accumula-
tion of unfolded proteins, since it is attenuated by the chemical
chaperone 4-phenyl butyrate. In mammals, obesity induces ER
stress and may lead to type 2 diabetes (Ozcan et al., 2004), the
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Non-stress

nized by ER stress sensors, including Iret,
in a complex manner.

In conclusion, ER stress that activates the
UPR is not always accompanied by accumu-
lation of unfolded proteins in the ER. While
unfolded proteins are captured and quickly
activate at least yeast Ire1, lipid- or mem-
brane-related ER stress is likely to be sensed
by ER stress sensors in a different manner.
This new concept of ER stress and cellular
responses to it may allow us to understand
more about ER stress responses under vari-
ous physiological and pathological condi-
tions.

-inositol 5 hr

MATERIALS AND METHODS

Plasmids

As previously described (Kimata et al., 2003, 2004), Saccharomyces
cerevisiae IRET plasmid pRS313-IRE1 and C-terminally HA-tagged
IRET (Ire1-HA) plasmids pRS315-IRE1-HA and pRS423-IRE1-HA were
respectively produced from centromeric vectors pRS313, pRS315,
and 2 p vector pRS423 (Sikorski and Hieter, 1989; Christianson et al.,
1992). Plasmid pRS426-IRE1-HA is the URA3 marker variant
(Christianson et al., 1992) of pRS423-IRE1-HA. Overlap PCR and in
vivo homologous recombination (gap repair) techniques were used
to introduce point or partial-deletion mutations into the IRET gene
on these plasmids (Kimata et al., 2004, 2007). This methodology was
also used to generate bZIP-Ire1 plasmids, where the bZIP domain
sequence of S. cerevisiae GCN4 (corresponding to aa 249-281) was
substituted into the luminal domain sequence (corresponding to aa
32-524) on the IRET gene. Because we assigned the initiation me-
thionine according to the data from the Saccharomyces Genome
Database (SGD; www.yeastgenome.org), the amino acid numbering
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of Ire1 in the present paper differs by 7 aa from that in two of our
previous reports (Kimata et al., 2004; Oikawa et al., 2005). URA3 2
plasmid pCZY1, carrying a fusion of UPER-CYCT core promoter-lacZ,
was a gift of K. Mori (Kyoto University, Kyoto, Japan).

The PCR technique was also used to amplify the S. cerevisiae
TEF1 and the GALT promoter sequences, the CPY or the CPY*-
encoding sequences (S. cerevisiae PRCT or prc1-1; Finger et al.,
1993), and the codon-optimized GFP-coding sequence (y-en-
hanced GFP; Sheff and Thorn, 2004) from plasmid or yeast genomic
DNA samples by using PCR primers listed in Table S1. The restric-
tion sites attached to ends of the PCR products (see Table S1) were
then digested with the corresponding restriction enzymes and li-
gated with the corresponding sites of pRS313, in order to obtain
plasmids pRS313-TEF1pr-CPY-GFP, pRS313-TEF1pr-CPY*-GFP,
pRS313-GAL1pr-CPY-GFP, and pRS313-GAL1pr-CPY*-GFP.

Yeast strains

S. cerevisiae ire1A strains KMY1015 (MATo ura3-52 leu2-3112
his3-A200 trp1-A901 lys2-801 ire1A:TRP1) and KMY1516 (MATao
ura3-52 LEU2::UPRE-CYC1 core promoter-GFP::leu2-3112 his3-A200
trp1-A901  LYS2:(UPRE)s-CYC1  core  promoter-lacZ::lys2-801
ire1A::TRP1) have been described previously (Kimata et al., 2004).

To select genes for deletion (see Figure 8), we referred to Jonikas
et al. (2009), and picked genes for which deletions score more than
2.0 for the ratio values of UPRE-GFP fluorescence against TEF2pr-
red fluorescent protein fluorescence, with exceptions for genes of
unknown function (CSF1, YBLO83C, YMLO13C-A, FYVé, ILMT,
YDL096C, and YHR0O39C-B); genes for which deletion exhibited no
significant UPR induction on our strategy described in the next para-
graph (OTS3, SEL1, GUP1, LHS1, PMT1 and VANT); genes for which
deletion could not be introduced by us (probably because the dele-
tions cause severe growth defects, as noted in SGD
[www.yeastgenome.org]; SPF1, PER1, and GLO1); and genes be-
longing to the same functional pathway as ALG3 (ALG6, ALG?, and
ALG12). We also checked lipid-related gene deletions that are re-
ported to evoke weaker but detectable UPR in Jonikas et al. (2009),
and picked up OPI3, SCS3, and ISC1. SEC28 was additionally
checked, since our previous study showed UPR evocation by dele-
tion of this gene (Kimata et al., 2000).

Gene deletion strains used in Figures 8 and S3 were generated
from the ire 1A strain KMY1516, which had been modified to carry
the pRS316 (a URA3 marker centromeric vector; Sikorski and
Hieter, 1989)-based variant of pRS313-IRE1 (pRS316-IRE1). To in-
troduce a deletion mutation, we transformed this strain with a
KanMX4-based gene disruption module that was PCR-amplified
from a EUROSCARF deletion strain by using PCR primers hybrid-
izing ~100 base pairs upstream (sense) and downstream (antisense)
of the deleted coding region. The resulting strain was transformed
again with pRS313-IRE1 or its Alll variant (the HIS3 marker), and
grown on an synthetic dextrose (SD) agar plate containing 0.1%
5-fluoroorotic acid and 0.01% uracil for counterselection against
pRS316-IRET.

Yeast media and culturing conditions

Unless otherwise noted, yeast cells were cultured at 30°C in SD
medium (2% dextrose and 0.67% Difco yeast nitrogen base with-
out amino acids [YNB w/o aal) supplemented with appropriate
auxotrophic requirements. Based on the Difco & BBL Manual
(www.bd.com), pure chemicals were mixed to obtain inositol-de-
pleted SD medium (inositol depletion medium). When changing
medium to inositol depletion medium, we washed cells six times
by centrifugation and resuspension in inositol depletion medium.
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For GAL1 promoter-dependent induction of CPY*-GFP, cells carry-
ing pRS313-GAL1pr-CPY*-GFP were grown in synthetic raffinose
medium (2% raffinose and 0.67% YNB w/o aa) containing aux-
otrophic requirements, into which 1/10 volume of 20% galactose
water was then added before a further incubation for 14 h, which
was followed by cell harvesting.

B-Galactosidase assay and data presentation

Two types of the UPRE-lacZ reporter were used in this study. One is
borne on the 2 p plasmid pCZY1 (Figures 2A and 4C). The other
carries five tandem copies of the UPRE and is integrated into the
genome of the ire1A strain KMY1516 (Figure 8). In both the cases,
cellular B-galactosidase activity (see Kimata et al. [2003] for the as-
say method) of three independent clones was used to obtain the
average and SD values presented in the figures. The value and error
bar shown in Figure 8B are respectively calculated from the formula
a/c and (a/c)y/ (b/a)’+ (d/c)?, where a and b, respectively, represent
the value and the SD for Alll Ire1 cells shown in Figure 8A, while ¢
and d, respectively, represent the value and the SD for WT lIre1
cells.

RNA analysis

Total RNA samples (2 ug) obtained as described in Kimata et al.
(2003) were used for 10 pl-scale reverse transcription reaction with
the SuperScript Il Reverse Transcriptase kit (Invitrogen, Carlsbad, CA)
and a dTyg oligonucleotide primer. The reaction products (2 pl) were
then mixed with 1 pl each of 10 pM HAC1 primers (forward: TACAG-
GGATTTCCAGAGCACG; reverse: TGAAGTGATGAAGAAATCAT-
TCAATTC), 2 pl of 2.5 mM each dNTP mix, 2.5 pl of the supplied 10X
PCR buffer, 16.37 pl of water, and 0.13 pl of TAKARA Taq DNA poly-
merase (5 U/ul), and subjected to a 25-cycle thermal cycle reaction of
94°Cfor 30, 54°C 305, and 72°C for 60 s. In, the PCR products were
then run on 2% agarose gels (0.5X TBE buffer), and the ethidium
bromide-stained fluorescent images were captured by a LAS-4000
Cooled CCD camera system (Fujifilm, Tokyo Japan; Figures 5, A-D,
6C, 7B, 9, Cand D, S1, 52, S3A, and S4). As shown in Figures 2B, 4D,
and S3B, we used a modified method in which a é-carboxyfluores-
cein-labeled oligonucleotide (Invitrogen Custom Primers) was used
as the RT-PCR primer, and the PCR products were run on 13% acryl-
amide gels (40 mM Tris, 20 mM acetic acid, and 1 mM ethylene di-
amine tetraacetic acid buffer). This allowed us to detect and quantify
even faint HAC1' bands, since background gel fluorescence was al-
most undetectable. The image data were then analyzed by Fujifilm
ImageGauge software in order to quantify fluorescence intensity of
the HAC1Y and the HACT bands. The “HACT mRNA splicing%" val-
ues (100X(HACT band signal)/[(HACT" band signal) + (HACT' band
signal)]) calculated from the data from three independent clones are
averaged and presented with the SDs.

Antibodies
Antibodies used in this study are listed in Table S2.

Protein analysis

Cell lysis and immunoprecipitation were performed basically as de-
scribed previously (Kimata et al., 2003). To obtain the data shown in
Figures 3, Aand B, and 4, A and B, cells (25 ODggp equivalent) were
suspended in 800 pl of PBS and incubated with 2 mM DSP at room
temperature for 1 h. The cross-linking reaction was then quenched
by addition of Tris-HCI (pH 7.5) to 100 mM and further incubated at
room temperature for 30 min before cell lysis. The lysate (equiva-
lent to 1 ODggg cells) or IP (equivalent to 10 ODgqg cells) samples
were fractionated by using the standard SDS/DTT denaturing PAGE
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(8% acrylamide) protocol (Kimata et al., 2003). After Western blot
analysis of the gel performed as per Kimata et al. (2003), horserad-
ish peroxidase—enhanced chemiluminescence signal was detected
on Fuijifilm x-ray films (Figures 3A and 4A) or a LAS-4000 system,
and quantified with Fujifilm ImageGauge software.

Immunofluorescence microscopy

Cell fixation and immunofluorescence staining were performed as de-
scribed previously (Kimata et al., 2007). Cells were observed on a Carl
Zeiss Axiophoto fluorescence microscope (100x/1.30 Plan-Neofluor
objective) carrying an Olympus DP70 CCD camera system (Figures 2C,
6B, and 9A) or a Carl Zeiss Axiovert 200M fluorescence microscope
(100x/1.40 Plan-Apochromat objective) equipped with an Apotome
deconvolution system (Figure 9B). Adobe Photoshop software (San
Jose, CA) was used for image overlapping.
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