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A role for BiP as an adjustor for the endoplasmic
reficulum stress-sensing protein Irel

Yukio Kimata, Daisuke Oikawa, Yusuke Shimizu, Yuki Ishiwata-Kimata, and Kenji Kohno

Research and Education Center for Genetic Information, Nara Institute of Science and Technology, 8916-5 Takayama, lkoma, Nara 630-0192, Japan

n the unfolded protein response, the type | transmem-

brane protein Irel transmits an endoplasmic reticulum

(ER) stress signal to the cytoplasm. We previously re-
ported that under nonstressed conditions, the ER chaperone
BiP binds and represses Irel. It is still unclear how this
event contributes to the overall regulation of Irel. The
present Irel mutation study shows that the luminal do-
main possesses two subregions that seem indispensable
for activity. The BiP-binding site was assigned not to these
subregions, but to a region neighboring the transmembrane

Introduction

Folding, disulfide bond formation, subunit assembly, and core
glycosylation of secretory and membrane proteins take place
mainly in the ER. A variety of conditions, collectively called
ER stress, inhibit these events and trigger the unfolded protein
response (UPR). The ER-located type I transmembrane protein
Irel is a key molecule for the UPR (Cox et al., 1993; Mori et al.,
1993). Irel is dimerized and activated in response to ER stress
(Shamu and Walter, 1996; Bertolotti et al., 2000). The COOH
terminus of Irel possesses an RNase activity, which in the
budding yeast Saccharomyces cerevisiae acts to splice HACI
precursor mRNA to produce the mature form (Cox and Walter,
1996; Sidrauski and Walter, 1997). The mature HAC/ mRNA
is effectively translated into a functional transcription factor that
induces various genes including those encoding ER-resident
molecular chaperones and protein-folding catalysts (Mori et al.,
2000; Travers et al., 2000; Ruegsegger et al., 2001). A promoter
element named the UPR element (UPRE), to which the Hacl
protein directly binds, was identified on some of these genes,
such as KAR2, which encodes the ER-resident HSP70 chaperone
BiP (Mori et al., 1992, 1996; Kohno et al., 1993).

In mammalian cells, the UPR seems to be driven by more
complicated pathways. Two paralogues of Irel, Irela and
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domain. Phenotypic comparison of several Ire1 mutants
carrying deletions in the indispensable subregions suggests
these subregions are responsible for multiple events that
are prerequisites for activation of the overall Ire1 profeins.
Unexpectedly, deletion of the BiP-binding site rendered
Ire1 unaltered in ER stress inducibility, but hypersensitive to
ethanol and high temperature. We conclude that in the ER
stress-sensory system BiP is not the principal determinant of
Ire1 activity, but an adjustor for sensitivity o various stresses.

Ire1P, have been identified (Tirasophon et al., 1998; Wang et
al., 1998; Iwawaki et al., 2001) and were reported to contribute
to splicing of XBP1 mRNA, the mature form of which is trans-
lated into a highly active transcription factor protein (Yoshida
et al., 2001; Calfon et al., 2002). In addition to this Ire1-XBP1
signaling pathway, another pathway involving the membrane-
anchored transcription factor ATF6 also functions in tran-
scriptional induction in response to ER stress (Haze et al.,
1999; Lee et al., 2002). Moreover, ER stress attenuates bulk
protein synthesis. This is caused by phosphorylation of a eu-
karyotic translation initiation factor 2 subunit by PKR-like ER
kinase (PERK), a transmembrane kinase containing an Irel-like
luminal domain, and by cleavage of 28S rRNA by Ire1(3 (Harding
et al., 1999; Iwawaki et al., 2001).

Little is known about the functions of the ER-luminal
domain of Irel, with the exception that it is highly possible that
BiP binds to Irel to repress its activity under nonstressed condi-
tions. The BiP association with Irel, together with dissociation in
response to ER stress, has been reported by Bertolotti et al.
(2000) in mammalian cells and by us in yeast cells (Okamura et
al., 2000). The finding that overexpression of BiP attenuates the
UPR implies a role for BiP as a negative regulator of Irel
(Kohno et al., 1993; Okamura et al., 2000). Our mutation study
of the KAR2 gene seems to provide further evidence that this as-
sociation and dissociation controls the activity of Irel (Kimata et
al., 2003). The UPR pathway was constitutively activated in
yeast strains with kar2 alleles encoding mutant BiP proteins that
cannot bind to Irel. And reversely, the UPR pathway was only
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weakly activated even by the potent ER stressor tunicamycin in
strains with kar2 alleles encoding mutant BiP proteins of which
dissociation from Irel is impaired. However, considering the
multiple and essential roles of BiP in protein translocation and
folding in the ER (Gething, 1999), it should be noted that the ab-
erration of the UPR in the kar2 strains may be caused not directly
by the impaired association or dissociation of BiP from Irel, but
by alterations in the ER stress status in the kar2 mutants.

How does the binding of BiP to Irel contribute to overall
regulation of Irel in response to ER stress, and by which mech-
anism does BiP dissociate from Ire1? A simple working model
hypothesizes that unfolded proteins produced by ER stress
competitively deprive Irel of BiP, which is sufficient for acti-
vation of Irel. In this scenario, BiP is considered to be the pri-
mary determinant of Irel activity, and Irel itself does not di-
rectly function to sense ER stress or to release BiP.

Here, we present an in vivo mutation study of the yeast S.
cerevisiae IRE1 gene, which disproves this idea. The BiP dis-
sociation from Irel seemed to require the function of an Irel
subdomain that is structurally independent of the BiP-binding
site. Moreover, deletion of the BiP-binding site was not suffi-
cient to activate Irel. Our findings imply that Irel itself pos-
sesses the ability to sense various stresses. The role of BiP sug-
gested in this paper is to confine the activation of Irel to
specifically respond to ER stress.

Results

Subregion structure prediction of the
Ireq1 luminal domain

At the beginning of this work, we performed 10-amino acid de-
letion scanning mutagenesis of the yeast Irel luminal region.
As described in Materials and methods, overlap PCR and in
vivo gap repair techniques (Ho et al., 1989; Muhlrad et al.,
1992) were used to generate cells with centromeric plasmid-
borne expression of mutant Irel. The scanning resulted in the
first deletion from amino acid position 25 to 34, the second de-
letion from 35 to 44, the third deletion from 45 to 54, and 46
additional serial deletions ending at the juxtamembrane posi-
tion (Table S1 and Fig. S1, available at http://www.jcb.org/cgi/
content/jcb.200405153/DC1; to number nucleotide and amino
acid positions, we set the initiation Met site of Irel as described
in an entry [AAB68894; Saccharomyces cerevisiae Irelp] of
the NCBI protein database). All of the scanning mutants car-
ried 10-aa deletions, except that the 19th, 29th, and 39th mu-
tants were generated to carry 11-aa deletions. Each mutant was
named by the amino acid position at which the deletion began
(for instance, the first mutant was named A25).

In Fig. 1 A, cellular UPR activity was estimated by ex-
pression of a lacZ reporter controlled by the UPRE-driven pro-
moter (Mori et al., 1992). Cells producing the intact Irel pro-
tein (Fig. 1 A, WT Irel) showed a clear UPR that was induced
by tunicamycin. The tunicamycin inducibility was well pre-
served with mutations A25 to A95, A205, A246, A256, and
A448 to A508, and partially with the A236 mutation. In con-
trast, little or no UPR was observed in cells carrying the muta-
tions A105 to A195, A216, A226, or A266 to A438. As de-
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Figure 1. 10-aa deletion scanning of yeast Irel. The Airel strain
KMY1015 harboring the UPRE-lacZ reporter plasmid pCZY1 was trans-
formed with a mixture of linearized pPR315-IRE1-HA (a centromeric plasmid
for expression of COOH-ferminal HA-tagged Ire1) and a partial fragment
of the IRET gene carrying the desired deletion. The transformants carrying
the successfully gap-repaired plasmid were selected and used. For the
wildtype Ire1 (WT Ire1 or WT) and empty vector (Aire 1) controls, cells were
respectively transformed with nonlinearized pRS315-RE1-HA and pPR315.
(A) Cells were cultured with (+) or without (=) 2 pug/ml tunicamycin (TM)
for 240 min and subjected to assays for cellular B-galactosidase activity.
Each value is the average of three independent transformants and was
normalized to the TM+ wild-type Ire1 control, which was set at 100.
(B) Lysates prepared from 3 x 10° nonstressed cells using denaturing ly-
sis buffer were analyzed by anti-HA Western blotting.

termined by Western blot detection of the COOH-terminal
influenza virus HA-epitope tag, the steady-state expression of
the Irel proteins was not significantly affected by most of the
deletions that abolished the tunicamycin inducibility (Fig. 1 B),
suggesting that these deletions diminished function rather than
stability of Irel. It should be noted that none of the scanning
mutants rendered Irel constitutively active.

Based on the phenotypes of amino acid deletions shown
in Fig. 1 A, we predicted five subregions in the Irel luminal
domain. Subregion I corresponded approximately to amino
acid position 25 to 104, subregion II to amino acid position 105
to 235, subregion III to amino acid position 236 to 265, subre-
gion IV to amino acid position 266 to 447, and subregion V to
amino acid position 448 to 517.
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Figure 2. Activity of Ire1 luminal-domain mutants other than those used
in the 10-aa deletion scanning. (A) The insertion and deletions carried on
the mutants. [IKG15 is a (Gly);s spacer insertion in subregion Ill, and
A448—-483, A482—517, and AV are wide-range deletions in subregion
V. (B) KMY1015 (Airel) cells carrying both pCZY1 (UPRE-lacZ reporter)
and a mutant version of pRS315-RET-HA were cultured with (+) or without
(=) 2 pg/ml tunicamycin (TM) for 240 min and subjected to assays for
cellular B-galactosidase activity. For the wildtype Irel (WT Irel) and
empty vector (Airel) controls, cells were respectively transformed with
nonlinearized pRS315-RET-HA and pPR315. Each value is the average
from three independent transformants and was normalized to the TM+
wild-type Ire1 control, which was set at 100.
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An insertion mutant shown in Fig. 2 A supports our pre-
diction that the “functionally indispensable” region is structur-
ally divided into subregion II and IV. As described in the on-
line supplemental Materials and methods, we generated an Irel
mutant with a (Gly);s spacer insertion in subregion III (named
III-G15), and found this mutant functioned almost as well as
wild type to activate the UPR pathway (Fig. 2 B).

The BiP-binding site is in subregion V

To demonstrate BiP binding to Irel in vivo, COOH-terminal
HA-tagged Irel and its mutants were expressed from 2 pm
plasmids, and their interaction with BiP was analyzed by coim-
munoprecipitation. As described in Okamura et al. (2000), our
2-pm plasmid expression of HA-tagged Irel preserved ER
stress inducibility and did not result in constitutive activation
of the UPR pathway. Indeed, Northern blot analysis shows that
in cells carrying the wild-type version of pRS423-IRE1-HA,
high (80%) and very weak (< 5%) cleavage of HACI mRNA
occurred after 60-min incubation of cells with and without 2
pg/ml tunicamycin, respectively. In the experiment shown in
Fig. 3, cells were lysed under nondenaturing conditions before
anti-HA immunoprecipitation, and the resulting lysates and im-

munoprecipitates were analyzed by anti-HA or anti-BiP West-
ern blotting. 25 out of the 49 deletion scanning mutants were
analyzed in this experiment.

Anti-HA Western blotting showed that the mutations did
not cause significant changes in Irel expression levels (Fig. 3,
Lysate, WB: a-HA) and that anti-HA immunoprecipitation
trapped the wild-type and mutant Irel proteins with almost
equal efficiency (Fig. 3, anti-HA IP, WB: a-HA). In this and the
later figures, migration of epitope-tagged Irel and its deletion
mutants on SDS-PAGE was smeary and altered by treatment of
cells with tunicamycin. We think that this was caused by hetero-
geneity of N-glycosylation, which was enhanced by the N-gly-
cosylation inhibitor tunicamycin, because Irel mutants with
amino acid replacements at all potential N-glycosylation sites
showed sharp migration patterns on SDS-PAGE, which were
not altered by treatment of cells with tunicamycin (unpublished
data). In addition, the heterogeneity of N-glycosylation does not
affect the activity of Irel because N-glycosylation mutants of
Irel functioned normally to activate the UPR pathway in re-
sponse to ER stress (Liu et al., 2000; unpublished data).

In anti-BiP Western blots of the immunoprecipitates, the
WT lanes in Fig. 3 (lanes 1, 5, 13, 27, 41, 49, and 65) show BiP
binding to the intact Irel protein under nonstressed conditions,
and consistent with our previous reports (Okamura et al., 2000;
Kimata et al., 2003), the amount of coimmunoprecipitated BiP
was sharply reduced after treatment of cells by tunicamycin
(Fig. 3, lanes 2, 6, 14, 28, 42, 50, and 66). This BiP binding and
dissociation from Irel did not seem to be affected by deletions
in subregion I, as represented by A55 and A85, or a subregion-
IIT deletion, A246 (Fig. 3, lanes 7-12). This finding is consis-
tent with the observation in Fig. 1 A, which indicates these de-
letions do not cause significant alteration in the function of Irel.

A remarkable finding shown in Fig. 3 is that the binding
of BiP to Irel was significantly diminished by some of the de-
letions in subregion V. To map the position contributing the in-
teraction with BiP in subregion V, all of the subregion-V dele-
tions were analyzed. The 10-aa deletions in the former half of
subregion V (A448, A458, and A468) did not cause a signifi-
cant change from the wild type in BiP binding or dissociation
(Fig. 3, lanes 51-56). On the contrary, the deletions in the latter
half of subregion V (A478 to A508) remarkably diminished the
amount of coimmunoprecipitated BiP, which was still reduced
by treatment of the cells with tunicamycin (Fig. 3, lanes 57—
64). BiP binding seemed to be completely abolished only when
almost the entire sequence of subregion V was deleted (AV;
Fig. 3, lanes 67, 68, 79, and 80; see Fig. 2 A for the position).
Unexpectedly, all of the deletions in subregion V, including
AV, did not render Irel constitutively active, but preserved tu-
nicamycin inducibility (Fig. 1 A and Fig. 2).

Another approach to determine the BiP-binding site on
Irel was restricted proteolysis of the BiP-bound Irel protein.
In this experiment, an HA-tagged version of an Irel mutant
carrying an insertion of the Factor Xa cleavage site (Ile-Glu-
Gly-Arg) in subregion III (Irel III-IEGR; Fig. 4 A) was ex-
pressed in yeast cells. Tunicamycin treatment of cells and
subsequent anti-HA immunoprecipitation indicated that the III-
IEGR mutation did not cause a change from the wild type in

A ROLE FOR BIP TO ADJUST IRE1 ACTIVITY « KIMATA ET AL.

447



448
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BiP binding or dissociation in vivo (Fig. 4 B). Nonstressed
cells producing III-IEGR Irel were subjected to anti-HA im-
munoprecipitation, and the immunoprecipitate, the constitu-
ents of which were deduced as illustrated in Fig. 4 C, was used
for the following proteolytic cleavage analysis. As shown by
anti-HA Western blotting (Fig. 4 D), treatment with Factor Xa
diminished the full-length (Fig. 4 D, a) and slightly truncated
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(Fig. 4 D, b) Irel proteins and yielded an ~105-kD version
(Fig. 4 D, ¢) in the bead-bound fraction. The migration on
SDS-PAGE was consistent with the deduced size of the
COOH-terminal fragment produced by the Factor Xa cleavage
(101 kD), and, as expected, this protein was undetectable with
an Irel NH,-terminal antibody that clearly detects the full-
length Irel (Fig. 4 D, WB: a-Irel NH,-terminal peptide). We
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Figure 4. Proteolytic cleavage of Ire1 to assign the BiP-binding site. (A) The IIHEGR mutation in Ire1. The Factor Xa cleavage sequence is underlined. The
position of the sequence against which the anti-lre1 NH,terminal peptide antibody was generated is also indicated. (B) The Aire strain KMY 1516 carrying
pPR423-IRE1-HA (WT) or its IHEGR version was cultured with (+) or without (=) 2 ug/ml tunicamycin (TM) for 60 min. Anti-HA immunoprecipitation was
performed as described in Materials and methods, and the cell lysates (equivalent to 3 X 10° cells) and immunoprecipitates (equivalent to 1 X 107 cells)
were analyzed by anti-HA and anti-BiP Western blotting (WB). (C-E) Proteolytic cleavage analysis. KMY 1516 cells carrying the IIHEGR version of pPR423-
IRET-HA were subjected to anti-HA immunoprecipitation, and 15 pl of the resulting immunoprecipitate (equivalent to 1 x 10% cells), the constituents of
which were deduced as illustrated in C, was incubated with the indicated concentration of Factor Xa as described in Materials and methods. Note that in
C the BiP-binding site is set in subregion V, as concluded in this work. In D, one-enth portions of the resulting bead-bound and released fractions were
fractionated by SDS-PAGE (8%) followed by immunoblotting using the indicated antibodies, and ECL signals were detected by LAS-1000plus (exposure
time of 20 s for anti-BiP, 15 s for anti-HA, and 10 s for the antilre1 NHyterminal peptide). The positions of the fulllength (a), slightly truncated (b), and
Factor Xa-cleaved (c) Ire1-HA are indicated. Note that the slight truncation of Ire 1-HA occurred independently of Factor Xa in Factor Xa cleavage buffer. In
E, anti-HA immunoprecipitate from KMY 1516 cells carrying the empty vector pRS423 was used as a negative control (Aire 1), and one-third portions of the

released fractions were subjected to dot blotting using antibody against the anti-lre1 NH-terminal peptide.

could not detect the NH,-terminal fragment (deduced to be 25
kD) in either the bead-bound fraction or in the released frac-
tion by the anti-Irel NH,-terminal Western blot analysis (un-
published data), probably because this fragment was further
cleaved nonspecifically. The presence of the NH,-terminal
fragment in the released fraction was indicated by the dot blot
analysis shown in Fig. 4 E. The anti-BiP Western blot shown
in Fig. 4 D indicates that the amount of BiP in the bead-bound
fraction was not diminished by Factor Xa cleavage, except that
signals of both Irel-HA and BiP were reduced by nonspecific
proteolysis at 40 pg/ml of Factor Xa. This finding strongly
suggests that the BiP-binding site is in the COOH-terminal
fragment. Based on this proteolysis experiment and the afore-
mentioned analysis of the deletion mutants, we have concluded
that the BiP-binding site lies in subregion V.

Ire1 seems to function positively in the
dissociation from BiP

As described in the Introduction and Discussion, there is a sim-
ple hypothesis that does not require a positive contribution of
Irel for its dissociation from BiP in response to ER stress. An-

other finding shown in Fig. 3 seems to provide counterevidence
for this idea. This finding is that most of the deletion mutants in
subregions II and IV showed less sharp dissociation of BiP
than wild-type Irel after treatment of cells with tunicamycin
(Fig. 3, lanes 15-26, 29-40, and 43-48). In particular, two of
the deletions in subregion II, A145 and A226, rendered Irel
constitutive in binding to BiP. The double deletion mutants,
A145/AV and A226/AV, showed reduced binding to BiP even
under nonstressed cells (Fig. 3, lanes 69-72). We speculate that
the residual binding of BiP to A145/AV and A226/AV Irel ob-
served in lanes 69—72 of Fig. 3 was caused by partial and local
unfolding of the Irel molecules. When cells were cultured at a
lower temperature (27°C), this residual binding of BiP was not
observed (Fig. 3, lanes 81-84), whereas A145 and A226 single
mutants still bound to BiP constitutively (Fig. 3, lanes 75-78).
Thus in the A145 and A226 mutants, BiP probably binds to the
same site as wild-type Irel. These findings suggest that subre-
gion II, and possibly also subregion IV, function in the dissoci-
ation of BiP from subregion V.

Another interpretation for impaired dissociation of BiP
from the A145 and the A226 mutants is that the protein folding
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Figure 5. Dimer formation of deletion mutants of Irel. The Aire] strains
KMY1015 (MATa) and KMY1520 (MATa) respectively carrying deletion
mutant versions of pRS315-IRE1-HA and pRS426-IRE1-FLAG, which is a
2-pm plasmid used for expression of Ire1-FLAG, were crossed to obtain
diploid cells. For the empty vector control (Airel), cells carrying pRS315
were used. The resulting diploid cells were cultured with (+) or without (—)
2 ng/ml tunicamycin (TM) for 60 min, and subjected to anti-HA immuno-
precipitation as described in Materials and methods. The cell lysates
(equivalent to 3 x 10° cells) and immunoprecipitates (equivalent to 1 X
107 cells) were analyzed by antiHA («-HA) and anti-FLAG (a-FLAG)
Western blotting (WB; ECL signals were defected by LAS-1000plus with
exposure time of 20 s to 1 min).

of Irel was globally perturbed by these mutations, which
caused targeting of BiP to the Irel mutants by a rather nonspe-
cific mechanism. The following observations in Figs. 5 and 6
suggest that this interpretation is unlikely.

Upon activation, Irel is dimerized in response to ER
stress (Shamu and Walter, 1996; Bertolotti et al., 2000), and
Liu et al. (2000 and 2002) reported that one important func-
tion of the Irel luminal domain is to allow the formation of
homodimers. Therefore, we checked whether or not the 10-aa
deletion mutants formed dimers (or oligomers) in response to
ER stress. In Fig. 5, cells coexpressing HA-tagged Irel and
FLAG-tagged Irel were subjected to anti-HA immunoprecipi-
tation. Then, the coimmunoprecipitated FLAG-tagged ver-
sions, which are indicative of the oligomeric status of Irel,
were detected by anti-FLAG Western blotting. To render
complex formation between HA- and FLAG-tagged mole-

JCB « VOLUME 187 « NUMBER 3 « 2004

T™M—

TM+

NN

Figure 6. Growth of deletion mutants of Ire1 on agar plates containing
tunicamycin. The Airel strain KMY1015 carrying the indicated deletion
mutant version of pRS315-IRE1-HA was streaked on SD agar plates
containing (TM+) or not containing (TM—) 2 ug/ml tunicamycin. For the
empty vector control (Airel), cells carrying pRS315 were used. After
incubation at 30°C for 3 d, plates were photographed.

cules more effective than that between two HA-tagged mole-
cules, Irel-HA and Irel-FLAG were expressed from the
centromeric and 2-pm plasmids, respectively. The first and
second panels in Fig. 5 indicate that the deletion mutations
tested in this experiment did not cause significant changes in
Irel expression levels. As expected, wild-type Irel-FLAG
was clearly coimmunoprecipitated with wild-type Irel-HA in
response to treatment of cells with tunicamycin. It is notable
that similar results were obtained when either the A145 or the
A226 mutation was introduced. On the contrary, another sub-
region-II deletion (A105) and a subregion-IV deletion (A327)
impaired dimerization of Irel. Therefore, we have concluded
that the A145 and the A226 Irel molecules are folded cor-
rectly at least to a level such that dimerization in response to
ER stress occurs.

Next, we asked if activity of these subregion-II and -IV
mutants is restored by introduction of the AV mutation. First,
we tried the UPRE-/acZ reporter assay using the same proce-
dure as in Figs. 1 A and 2 B, and detected no activity with the
double deletion mutant A105/AV, A145/AV, A226/AV, or
A327/AV. We then monitored growth of the Irel mutant cells
on agar plates containing tunicamycin because this method al-
lows us to detect activity of Irel mutants even if it is too weak
to be detected by the UPRE-lacZ reporter assay or Northern
blot detection of the spliced form of HACI mRNA. In Fig. 6,
Airel strains transformed with plasmids for expression of the
Irel mutants were streaked on two synthetic medium plus dex-
trose (SD) agar plates, one of which contained 2 p.g/ml tunica-
mycin. After incubation of the plates at 30°C for 3 d, only cells
carrying wild-type, AV, or A226/AV Irel grew on the tunica-
mycin plate. This finding shows that abolishment of BiP bind-
ing partly restored activity of A226 Irel, and thus that one im-
portant defect caused by the A226 mutation is specific to the
process of releasing BiP.
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Figure 7. Hypersensitive response of Ire1 with a subregion-V deletion not
to conventional ER stressors, but to high temperature and ethanol. (A) The
Airel strain KMY1015 carrying either empty vector pRS315 (Airel),
pRS315-RET-HA (WT), or its AV mutant version was cultured under non-
stressed conditions, and its lysate (equivalent to 3 X 10° cells; prepared
using denaturing lysis buffer) was analyzed by anti-HA Western blotting.
(B) A Airel strain KMY1516 carrying either pRS313-RE1 (a centromeric
plasmid for expression of untagged Ire1; WT) or its AV mutant version was

Deletion of subregion V renders Ire1
hypersensitive to ethanol and high
temperature

We performed a detailed phenotypic analysis of the AV mutant
to understand what happens when the binding of BiP to Irel is
abolished. First, Irel and its AV version were expressed as HA-
tagged proteins from the centromeric plasmids and were de-
tected by anti-HA Western blotting of the cell lysates. As
shown in Fig. 7 A, the AV mutation caused a small (~20%)
diminution of the steady-state level of the Irel protein.

To perform a more detailed comparison of the activities,
we expressed untagged Irel proteins in a Airel strain and ob-
served cleavage of HACI mRNA, which is the direct target of
Irel. When stresses were not imposed on cells, HAC! mRNA
was hardly cleaved by either wild-type or AV Irel (Fig. 7 B,
time O in the first and second panels, tunicamycin or DTT at a
concentration of O in the third and fourth panels, and “non-
stress” in the fifth panel). As shown in the first and second
panels of Fig. 7 B, wild-type and AV Irel showed no signifi-
cant difference in the time course of activation by treatment of
cells with 2 pg/ml tunicamycin. Cells were then treated with
tunicamycin and another ER stressor, DTT, at various concen-
trations. The treatment time was 60 min for tunicamycin or 40
min for DTT, which is long enough for saturation of the re-
sponse (Fig. 7 B, first and second panels; and not depicted). As
shown in the third and fourth panels of Fig. 7 B, both tunica-
mycin and DTT induced cleavage of HACI mRNA in concen-
tration-dependent manners, and no difference was observed
between wild-type and AV Irel. As indicated in Fig. 5, dimer
formation of AV Irel, as well as that of wild-type Irel, was
also dependent on ER stress.

This observation indicates that BiP does not play a key
role in ER-stress sensing and raises the question of what is the
physiological significance of BiP binding to Irel. Because we
hypothesized that BiP acts as a sort of adjustor that inhibits im-
proper activation of Irel, stresses not commonly considered to
affect the ER were imposed on cells producing either wild-type
or AV Irel. As shown in the fifth panel of Fig. 7 B, treatment of
cells with 8% ethanol caused transient activation of wild-type
Irel, which within 60 min, was attenuated to a level at which
cleavage of HACI mRNA was not observed. On the contrary,
the cleavage was clearly observed in the AV Irel cells even 90
min after addition of ethanol into the culture. To impose high
temperature, cultures were shifted from 30 to 37°C for 30 min,
and then to 39°C for 30 min, to avoid acute damage to cells.

cultured under nonstressed conditions of 30°C, treated with tunicamycin
(TM) at 2 pg/ml for the indicated time (top and second panels) or at the
indicated concentration for 60 min (third panel), DTT at the indicated
concentration for 40 min (fourth panel) or 8% ethanol for the indicated
time (fifth panel), or shifted to 37°C for 30 min and then to 39°C for 30 min
(fifth panel, Temp. shift). For the bottom panel, cells treated with 2 pug/ml
tunicamycin for 60 min were washed twice with fresh SD medium and
further cultured for the indicated time. 1 ug of total RNA prepared from
these cells was analyzed by Northern blotting using the HACT gene as
probe. The positions of uncleaved (HAC1"), cleaved then ligated (HACT),
and cleaved but unligated (5'-cleaved and 3’-cleaved) versions of HAC]
mRNA are indicated (Kawahara et al., 1998). The percentage of HACT
mRNA cleavage was estimated as described in Kimata et al. (2003).
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This temperature shift caused HACI mRNA cleavage in the
AV Trel cells, but not in wild-type cells (Fig. 7 B, fifth panel).

Another explanation for the role of BiP is to shut down
UPR signaling at the time of recovery from ER stressed condi-
tions. To test this idea, cells exposed to tunicamycin were
washed and further cultured in normal medium, but we failed
to demonstrate a significant difference between the wild-type
and AV Irel cells (Fig. 7 B, bottom panel).

UPR repression phenotype of kar2-113
is suppressed by deletion of Ire1
subregion V

We previously reported that in the temperature-sensitive mu-
tant alleles of the KAR2 gene encoding BiP with single amino
acid changes in the ATPase domain, and BiP dissociation from
Irel and activation of the UPR pathway are impaired when
cells are cultured at a restrictive temperature (Kimata et al.,
2003). One prediction from the present work is that deletion of
Irel subregion V, abolishing BiP binding to Irel, may suppress
the UPR repression phenotype of the kar2 mutants. To test this
possibility, we introduced the kar2-113 mutation, a commonly
used mutant allele of the BiP ATPase domain, into wild-type
and AV Irel strains. As shown in Fig. 8 A, binding of BiP to
Irel was abolished by the Irel AV mutation not only in KAR2
but also in kar2-113 cells.

Activity of Irel was estimated by Northern blot analysis
for cleavage of HACI mRNA (Fig. 8 B). In kar2-113 / IrelAV
double mutant cells, a little cleavage of mRNA occurred even
at the permissive temperature of 23°C and was enhanced at the
semi-permissive temperature of 30°C. In contrast, kar2-113
single mutant cells, as well as Ire]1AV single mutant and wild-
type cells, showed no or very weak cleavage.

There are two interpretations for this finding. The first is
that the kar2-113 mutation itself imposes ER stress, which in
the single mutant, does not activate Irel because of impaired
dissociation of the mutant BiP protein from Irel. In this case,
cleavage of HACI mRNA in the double mutant cells is consid-
ered to be a result of suppression of the UPR repression pheno-
type of kar2-113 by the Irel AV mutation. The second is that
the double mutation, not the single mutation, somehow causes
ER stress. We think that the former interpretation is likely be-
cause severe growth retardation of the kar2-113 cells at 33°C is
partly restored by the Irel AV mutation (Fig. 8 C).

We did not perform experiments as shown in Fig. 8 B by
incubating cells at temperatures higher than 35°C because AV
Irel was significantly degraded in kar2-113 cells but not in
wild-type cells at these temperatures (unpublished data), proba-
bly for complicated reasons. The AV Irel protein may be un-
stable at high temperatures, and it is likely that the high activa-
tion of the UPR pathway induced ER-associated degradation of
proteins (Casagrande et al., 2000; Friedlander et al., 2000;
Travers et al., 2000).

Discussion

This work was initiated from a serial and targeted mutagenesis
study of the yeast IRE] gene to understand the relationship of
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(WT), or its AV mutant version, as described in the online supplemental
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anti-HA immunoprecipitation as described in Materials and methods.
The cell lysates (equivalent to 3 X 10° cells) and immunoprecipitates
(equivalent to 1 X 107 cells) were analyzed by anti-HA and anti-BiP
Western blotting. (B) The kar2-113 mutation was infroduced into KMY1516
cells carrying pRS313-RET (WT) or its AV mutant version, as described in
the online supplemental Materials and methods. The resulting cells and the
control KAR2 cells (WT) were cultured at 23°C or shifted to 30°C for 120
min without extrinsic ER stress and analyzed by Northern blotting of 1 pg
of total RNA using the HACT gene as probe. The positions of the HACT
mRNA variants are indicated as in Fig. 7 B. The percentage of HACT
mRNA cleavage was estimated as described in Kimata et al. (2003). (C)
After spreading the cultures used in B (those at 23°C), SD agar plates
were incubated at 33°C for 2 d and colonies were photographed.
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structure to function of the Irel luminal domain. As shown in
Fig. 1 A and Fig. 2, the results predict that the yeast Irel lumi-
nal domain is divided into five subregions, among which subre-
gions II and IV are indispensable for Irel activity. Liu et al.
(2000) reported an interspecies comparison of Irel and PERK



sequences, which predicted four conserved motifs (named Mo-
tif 1 to 4) in their luminal domains. As illustrated in Fig. 9, Mo-
tifs 1, 2, and 3 reside in subregion II, and Motif 4 in subregion
IV. The interspecies comparison of Irel also shows that subre-
gion I is carried only by yeast Irel, as the sequences corre-
sponding to subregion II neighbor the NH,-terminal transloca-
tion signal in metazoan and plant Irel orthologues (Liu et al.,
2000; Koizumi et al., 2001). It seems that these findings pro-
vide a good example of the dogma that an evolutionarily con-
served sequence is functionally important and vice versa.

Because deletions of sequential amino acid residues may
cause gross perturbation of protein structure, we do not think
that all of the 10-aa segments in subregion II and IV are re-
sponsible for specific functions to activate Irel. However, as
discussed later, we believe that the A226 mutant, and possibly
also the A145 mutant, are specifically impaired in releasing
BiP from Irel. Liu et al. (2000) performed single amino acid
mutation analysis of subregion II and IV, but no mutants that
altered the function of Irel were identified.

The deletion and in vitro proteolysis analyses of Irel
shown in Figs. 3 and 4 indicate that the BiP-binding site is lo-
cated in subregion V. Because we speculate that subregions II
and IV, being highly sensitive to internal deletions, are tightly
folded, it seems reasonable that BiP does not target these subre-
gions. Binding of BiP to Irel in mammalian cells, which was
initially reported in Bertolotti et al. (2000), was further demon-
strated in Liu et al. (2002, 2003) by pulling down BiP with lu-
minal domain fragments of human Irela from mammalian cell
lysates. Inconsistent with our observation, BiP was reported to
bind to the Irela luminal domain fragment with further trunca-
tion of the juxtamembrane 107 amino acids. This may have
been caused by insufficient folding of the highly expressed
Irela fragment, which was clearly detectable in cell lysates by
1-D PAGE and subsequent Coomassie blue staining of the gel.

In addition to Irel, PERK and ATF6 have been reported
to bind to BiP under nonstressed conditions (Bertolotti et al.,
2000; Shen et al., 2002). Though dissociation from BiP is a
common event upon activation of Irel, PERK, and ATF6 (Ber-
tolotti et al., 2000; Okamura et al., 2000; Shen et al., 2002), the
mechanism is poorly understood. The simplest explanation for
BiP dissociation is competitive deprivation of BiP by unfolded
protein substrate produced by ER stress. Our previous work,
suggesting that BiP recognizes Irel as a chaperone substrate
(Kimata et al., 2003), seems to support this “competitive depri-
vation model.” One implication of this model is that Irel does
not positively function in Irel-BiP dissociation, which this
work does not support.

Because of the following observations, we believe that
the subregion-II deletion mutation A226, and possibly also an-
other subregion-II deletion mutation (A145), specifically im-
pair BiP release from Irel without causing gross perturbations
in Irel structure. As shown in lanes 19, 20, 25, 26, and 75-78
in Fig. 3, BiP constitutively bound to the A145 and the A226
mutants. Even in these mutants, the BiP-binding site was lo-
cated in subregion V (Fig. 3, lanes 69-72 and 81-84). More-
over, both the A145 and the A226 mutants had the ability to
dimerize in response to ER stress (Fig. 5). In addition, activity
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Figure 9. Our current model to interpret structure and function of the
yeast Ire1 luminal domain. Positions of conserved motifs deduced by inter-
species sequence alignment of Ire1 and PERK (Liu et al., 2000), together
with that of an unconserved sequence not present in Ire1 orthologues of
higher eukaryotes (Liu et al., 2000, Koizumi et al., 2001) are indicated.

of the A226 mutant was partly restored when the AV mutation,
which abolishes BiP binding to Irel, was introduced (Fig. 6).
Therefore, we propose that subregion II positively functions to
release BiP from Irel, though another line of evidence will be
required to prove definitively this idea.

It is likely that another role for subregion II, and also for
subregion IV, is to promote dimerization of Irel. Both the re-
combinant fragment of subregion II and that of subregion IV
form homodimers in vitro (unpublished data). Moreover, as
shown in Fig. 5, the A105 and the A327 mutants had no or
slight dimer-forming ability. It should be noted that BiP disso-
ciated from these mutants in response to ER stress (Fig. 3,
lanes 15, 16, 35, and 36), although this dissociation was not as
drastic as that from wild-type Irel. The phenotypic differences
between A145 and A226 and A105 and A327 imply the ab-
sence of causality between BiP release and dimer formation.
Furthermore, we speculate that an unknown event(s) other than
BiP release or dimer formation may be required for Irel to be
fully activated. This is because the activities of the A145/AV
and A226/AV double mutants were undetectable and weak, re-
spectively, although these mutants showed both the abolish-
ment of BiP binding and normal dimerization (Fig. 3, lanes 69—
72 and 81-84; and not depicted).

Importantly and unexpectedly, mutations that abolished
binding of BiP (e.g., AV) did not render Irel constitutively ac-
tive. As shown in Fig. 7 B, wild-type Irel and the AV mutant
did not show a difference in sensitivity to the conventional ER
stressors, tunicamycin and DTT. Moreover, the time courses of
attenuation of activity during recovery from ER-stressed condi-
tions were almost identical between these two Irel proteins.
However, a hypersensitive response of AV Irel was observed
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when cells were treated either with ethanol or high temperature
(39°C). This finding suggests that Ire1 has an intrinsic ability to
sense not only conventional ER stress but also other stresses,
which actually cause little or no activation of Irel. In this sce-
nario, BiP functions to confine Irel to responding to ER stress.
It remains unclear how treatment of cells with ethanol or high
temperature is sensed by AV Irel because these stresses impose
various kinds of cellular damage, including membrane damage.

Ma et al. (2002) reported a mutation study of human
PERK (called PEK in their paper), in which the results are
partly similar and partly different from ours. According to
them, deletions in middle region (amino acid position 102-407)
of the luminal domain abolished dimer formation and activa-
tion of PERK. Because deletion not of this middle region but of
the juxtamembrane amino acids (position 411-481) diminished
BiP binding to PERK, the BiP-binding site was set in the jux-
tamembrane sequence. An important difference from our work
is that this deletion of the juxtamembrane amino acids caused
constitutive activation of PERK. One explanation for this find-
ing is that the regulatory mechanism of PERK is somewhat dif-
ferent from that of Irel. Alternatively, their PERK mutant with
the juxtamembrane amino-acid deletion may be activated by its
overexpression from the strong cytomegalovirus promoter, as
we believe that deletion of the BiP-binding site caused “poten-
tial” activation of Irel and probably also PERK.

As described in the Introduction, we now think that much
care is required to interpret results from the kar2 mutant strains
used in our previous paper (Kimata et al., 2003) because of the
multiple and essential roles of BiP in protein import, folding,
and export. In that paper, cells carrying substrate-binding do-
main mutations of BiP constitutively showed activation of Irel
and dissociation of the BiP/Irel complex when cultured at the
restrictive temperature. We now believe that this is caused at
least in part by elevation of ER-stress status by these BiP muta-
tions because knocking out the /RE] gene caused a severe
growth delay of the BiP mutant cells (unpublished data). In con-
trast, we show here that it is likely that phenotypes of the kar2-
113 mutation are directly caused in part by impaired dissocia-
tion of the mutant BiP protein from Irel (Fig. 8). Importantly,
our finding that the UPR repression phenotype of kar2-113 is
suppressed by the Irel AV mutation provides further evidence
for negative regulation of Irel by BiP binding to subregion V.

In conclusion, although it is an ER-resident protein that
negatively regulates the UPR signaling pathway, BiP does not
seem to be involved in the core machinery to sense ER stress
because it is very likely that Irel positively functions to release
BiP and because Irel lacking the BiP-binding site still responds
to ER stress. In Fig. 9, we present a possible mechanism by
which Irel is up-regulated. According to this model, subre-
gions II and IV constitute the core stress-sensing machinery,
which, in response to ER stress, become activated to dimerize,
to release BiP from subregion V, and possibly to promote an
unknown event(s) for overall up-regulation of the Irel protein.
Here, we also propose that the precision of this core stress-
sensing machinery is insufficient, and BiP functions as an ad-
justor to limit Ire activation to respond only to ER stress. Upon
ER stress, unfolded proteins that accumulate in the ER may act
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to facilitate dissociation of BiP from Irel, though the afore-
mentioned simple “competitive deprivation model” is unlikely.
Various intracellular signaling pathways have been reported to
be controlled by cytosolic HSP70 (for reviews see Morimoto,
1998; Nollen and Morimoto, 2002). To fully elucidate the bio-
logical meaning of this regulation, we hope that insights from
our work provide suggestions.

Materials and methods

Yeast strains, plasmids, and generation of their mutants
Culturing and genetic manipulation of yeast strains were by standard tech-
niques described in Kaiser et al. (1994). Basically, cells were cultured in
minimal SD supplemented with appropriate nutrients at 30°C. The geno-
types of Aire ] strains KMY1015, KMY1516, and KMY 1520 are described
in the online supplemental Materials and methods. These strains show no
difference in phenotypes related to the UPR, and we used these three
strains according to the difference of nutrient markers and mating types.
The URA3 2-pm plasmid pCZY1, carrying a fusion of UPRE-CYCT core pro-
moter-lacZ, was a gift of K. Mori (Kyoto University, Kyoto, Japan|. Because
of reproducibility of results, we preferred pCZY1 to the chromosomally inte-
grated UPR reporters carried by KMY1516. Construction of the IRET plas-
mids is described in the online supplemental Materials and methods.

IRET mutants used in this study were created by a methodology us-
ing the overlap PCR and in vivo gap repair techniques (Ho et al., 1989;
Muhlrad et al., 1992). The detailed procedure is described in the online
supplemental Materials and methods. In brief, an IRET gene fragment car-
rying a desired mutation was generated by the overlap PCR technique,
and one of the IRET plasmids was restriction enzyme digested to make a
gap on its IRET gene sequence. The resulting overlap PCR product and lin-
earized plasmid were cotransformed into one of the Airel strains, and
transformant clones carrying the successfully gap-repaired circular plas-
mid generated by homologous recombination between the two DNAs
were used for the experiments in this paper. The procedure for introduc-
tion of the kar2-113 mutation into yeast strains is described in the online
supplemental Materials and methods.

Antibodies and protein analyses

Antibodies used in this paper were mouse anti-HA mAb 12CAS5 (Roche Di-
agnostics), rabbit anti-recombinant yeast BiP antiserum (Tokunaga et al.,
1992), mouse anti-FLAG mAb M2 (Sigma-Aldrich), and affinity-purified
rabbit antibody against yeast Ire1 NHyterminal peptide CNTADNRRAN-
KKGRRAA.

Lysis of yeast cells under nondenaturing conditions was performed
as described previously (Kimata et al., 2003). For cell lysis under denatur-
ing conditions, this method was modified by breaking the cells using
glass-bead beating in denaturing lysis buffer containing 50 mM Tris-Cl,
pH 7.9, 5 mM EDTA, 180 mM NaCl, 1% Triton X-100, 0.1% SDS, and
protease inhibitors. Anti-HA immunoprecipitation from the nondenaturing
lysates was performed as described previously (Kimata et al., 2003), us-
ing protein A-conjugated Sepharose beads (protein A-Sepharose 4 FF;
Amersham Biosciences).

The lysates and immunoprecipitates were denatured in SDS/DTT-
sampling buffer and analyzed by anti-HA and anti-BiP Western blotting,
using HRP-coupled secondary antibodies and the ECL system (Amersham
Biosciences), also as described previously (Kimata et al., 2003) except for
the following modifications. First, we performed SDS-PAGE by using pre-
cast gels (Daiichi Pure Chemicals). The concentration of acrylamide in the
gels was 10% for the experiments shown in Figs. 3, 4 B, and 8 A, initially
to detect bands of the 12CA5 antibody as an internal control for immuno-
precipitation. For the experiments to detect Ire1-HA only, 7.5% polyacryl-
amide gels were used. Second, ECL signals were defected by a cooled
CCD camera system LAS-1000plus (Fuji) instead of X-ray films. The expo-
sure time was 10-15 s for BiP, 1-2 min for Ire1-HA expressed from cen-
tromeric plasmids (Figs. 1 B and 7 A), and 8-13 s for Ire1-HA in other
preparations. The same method was used for Western blot detection of
Ire 1-FLAG by anti-FLAG M2 antibody in Fig. 5.

For proteolytic cleavage analysis, nondenaturing lysate from cells
producing HAtagged Ire1 with the IllHIEGR insertion was subjected to anti-
HA immunoprecipitation. The resulting immunoprecipitate equivalent to
1 X 108 cells (15 wl of protein A—conjugated Sepharose beads trapping
anti-HA antibody bound to target proteins) was resuspended in 15 pl of
Factor Xa cleavage buffer (20 mM Tris-HCI, 100 mM NaCl, and 2 mM



CaCly) containing or not containing Factor Xa (New England Biolabs, Inc.)
and incubated at 23°C for 4 h with rotation. The beads were collected by
cenfrifugation (3,000 g for 10 s), washed five times with Factor Xa cleav-
age buffer, and heated in SDS/DTT-sampling buffer for Western blot anal-
ysis. The released (supernatant) fraction after Factor Xa cleavage was also
collected and heated in SDS/DTT-sampling buffer for Western blot analy-
sis. For dot blotting, 5 ul of the released fraction was spotted onto a poly-
vinylidene difluoride membrane (Hybond-P; Amersham Biosciences), and
the membrane was treated with the same procedure as Western blot anal-
ysis using the HRP-coupled secondary antibody and the ECL system.

Other techniques
Cellular B-galactosidase activity assays and RNA analysis were performed
as described previously (Kimata et al., 2003).

Image acquisition

Radioactive signal from the Northern blots was detected using a Phosphor-
Imager (model BAS-2500; Fuji). ECL signal from the Western blots was
detected using LAS-1000plus as described in Antibodies and protein anal-
yses. Non-linear adjustments of the images were not performed.

Online supplemental material

Table S1 lists the internal sense deletion primers used for the overlap PCR.
The antisense deletion primers were made complementary to the sense de-
letion primers. In Fig. S1, positions of the 10-aa deletions are presented
with the amino acid sequence of the luminal domain of yeast Ire1. Online
supplemental material is available at http://www.jcb.org/cgi/content/

full/jcb.200405153/DC1.
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