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The unfolded protein response (UPR) is a signal transduction pathway that is activated by the accumulation of
unfolded proteins in the endoplasmic reticulum (ER). In Saccharomyces cerevisiae the ER transmembrane
receptor, Ire1p, transmits the signal to the nucleus culminating in the transcriptional activation of genes
encoding an adaptive response. Yeast Ire1p requires both protein kinase and site-specific endoribonuclease
(RNase) activities to signal the UPR. In mammalian cells, two homologs, Ire1� and Ire1�, are implicated in
signaling the UPR. To elucidate the RNase requirement for mammalian Ire1 function, we have identified five
amino acid residues within IRE1� that are essential for RNase activity but not kinase activity. These mutants
were used to demonstrate that the RNase activity is required for UPR activation by IRE1� and IRE1�. In
addition, the data support that IRE1 RNase is activated by dimerization-induced trans-autophosphorylation
and requires a homodimer of catalytically functional RNase domains. Finally, the RNase activity of wild-type
IRE1� down-regulates hIre1� mRNA expression by a novel mechanism involving cis-mediated
IRE1�-dependent cleavage at three specific sites within the 5� end of Ire1� mRNA.
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The unfolded protein response (UPR) is a signaling path-
way from the endoplasmic reticulum (ER) to the nucleus
that protects all eukaryotic cells from stress caused by
the accumulation of unfolded or misfolded proteins in
the ER (for review, see Chapman et al. 1998; Kaufman
1999; Pahl 1999). In Saccharomyces cerevisiae, Ire1p is
an ER transmembrane protein with its amino terminus
inside the ER lumen where unfolded or misfolded pro-
teins accumulate under conditions of ER stress (Nikawa
and Yamashita 1992; Cox et al. 1993; Mori et al. 1993).
Its carboxyl terminus, composed of a Ser/Thr protein ki-
nase domain and a site-specific endoribonuclease
(RNase) domain, extends into the cytoplasm and/or the
nucleoplasm (Mori et al. 1993; Sidrauski and Walter
1997). Ire1p senses unfolded proteins through an un-
known mechanism and subsequent dimerization/oligo-
merization and autophosphorylation activates its dual
catalytic activities that are required to initiate ER-stress-
activated splicing of HAC1 mRNA (Shamu and Walter
1996; Welihinda and Kaufman 1996). Hac1p is a basic
leucine zipper (bZIP) transcription factor necessary for

transcriptional activation of genes encoding ER protein
chaperones and folding enzymes as well as ER protein
degrading machineries (Cox and Walter 1996; Mori et al.
1996; Casagrande et al. 2000; Travers et al. 2000). Hac1p
binds to a consensus UPR element (UPRE) in the pro-
moter region of responsive genes. The level of Hac1p in
the cell regulates transcriptional activity at the UPRE.
HAC1 mRNA is constitutively expressed, but only a
spliced form of HAC1 mRNA is translated efficiently.
Splicing of HAC1 mRNA does not require the conven-
tional eukaryotic mRNA splicesomal machinery. In con-
trast, the splicing reaction was reconstituted in vitro
with only two components, Ire1p RNase and tRNA li-
gase Rlg1p (Sidrauski et al. 1996; Sidrauski and Walter
1997). Because the intron in unspliced HAC1u (unin-
duced) is a translation attenuator, only Hac1ip (induced)
is completely synthesized and detected in the cell (Chap-
man and Walter 1997; Kawahara et al. 1997).

Although extensive evidence suggests that the UPR
signaling pathway is conserved through evolution, the
UPR in higher eukaryotic cells is more complex than
that in yeast. Upon accumulation of unfolded proteins in
the ER, both adaptive and apoptotic signaling pathways
are activated (Kaufman 1999). In higher eukaryotes, mul-
tiple mechanisms have been proposed to induce tran-
scription of the ER stress-response genes, also known as
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genes encoding glucose-regulated proteins (GRPs), such
as BIP (GRP78), GRP94, and ERP72 (Haas and Wabl 1983;
Lee et al. 1984; Dorner et al. 1990; Muresan and Arvan
1997). Two related homologs of yeast IRE1, referred to as
Ire1� and Ire1�, were identified in both the murine and
human genomes (Tirasophon et al. 1998; Wang et al.
1998; Niwa et al. 1999). Because the predicted products
from the mammalian Ire1 genes, referred to as IRE1� and
IRE1�, share the same domain structure as yeast Ire1p, it
is possible that they signal the UPR through a similar
mRNA splicing reaction. In support of this, the RNase
specificity of hIRE1� and hIRE1� were conserved from
yeast Ire1p, as evidenced by the ability of both enzymes
to cleave at the 5� and 3� splice site junctions of yeast
HAC1u mRNA (Tirasophon et al. 1998; Niwa et al.
1999). However, to date, a HAC1 homolog has not been
identified in either the Caenorhabditis elegans or Dro-
sophila melanogaster genomes or the genomes of other
higher eukaryotes. In addition, nullizygous Ire1� mouse
embryo fibroblasts display an intact UPR, supporting
that additional pathways exist (Urano et al. 2000; W.
Tirasophon and R.J. Kaufman, unpubl.). Finally, ATF6 is
a 90-kD type II ER transmembrane protein that is
cleaved on ER stress to generate a 50-kD cytoplasmic
fragment that migrates to the nucleus to activate GRP
gene transcription (Haze et al. 1999). Therefore, ER
stress-induced proteolysis of ATF6 is one mechanism
that can activate the UPR in higher eukaryotes. Because
Atf6 mRNA is not detectably spliced on ER stress
(Yoshida et al. 1998), there is question as to whether an
IRE1-mediated HAC1 mRNA-like splicing reaction ex-
ists in higher eukaryotes.

Support for an IRE1-dependent pathway for UPR acti-
vation is based on the observation that overexpression of
either IRE1� or IRE1� activated the UPR in transfected
mammalian cells (Tirasophon et al. 1998; Wang et al.
1998). However, it remains unknown whether the over-

expressed IRE1 is recognized as an unfolded protein and
activates the UPR indirectly, or whether IRE1 directly
signals transcriptional activation of the GRPs. Amino
acid substitution of the conserved lysine 599 for alanine
within the hIRE1� kinase ATP-binding subdomain II de-
stroyed kinase activity and reduced UPR signaling in
transfected cells (Tirasophon et al. 1998). Interestingly,
this single substitution also elevated hIre1� mRNA level
and hIRE1� protein synthesis by approximately 15-fold.
It was proposed that the kinase activity of hIRE1� auto-
regulates hIre1� mRNA expression (Tirasophon et al.
1998). This autoregulation appears important to limit
hIRE1� expression because overexpression of either
yeast IRE1 or mIre1� is toxic to cells (Shamu and Walter
1996; Wang et al. 1998). Through analysis of RNase-de-
fective IRE1� and IRE1� single amino acid substitution
mutants, we have elucidated the mechanism of this au-
toregulation. Using in vitro cleavage assays and func-
tional analyses, we demonstrate that IRE1 is activated by
trans-autophosphorylation-induced activation of the
RNase function. The RNase activities of wild-type
IRE1� and IRE1� were required for autoregulation of
mRNA levels and for activation of the UPR.

Results

Site-directed mutagenesis identifies RNase-defective
hIRE1� mutants

To elucidate the role for the RNase activity of hIRE1� in
UPR signaling, a series of point mutants were made in
conserved residues within the RNase domain. Align-
ment of the amino acid sequences of the IRE1 RNase
domains from four different species as well as human
RNAse L, identified 20 invariant amino acid residues
(Fig. 1). Ten mutant cDNAs were made in which Ala was
substituted at positions Lys 837, Asp 847, Arg 848, Glu

Figure 1. Amino acid sequence alignment of the RNase domains of hIRE1�, mIRE1�, C. elegans IRE1, S. cerevisiae IRE1 and human
RNase L. The conserved residues are shaded. Dashes represent gaps between residues to obtain maximal matching. Mutations that
disrupt (filled circle) or do not effect (*) RNase activity are indicated. Numbers on the right are the position of the last amino acid.
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850, Arg 890, Lys 907, Gly 923, Asp 927, Tyr 932, and
Thr 934. The synthesis of the mutant hIRE1� proteins
was measured by [35S]methionine and [35S]cysteine
pulse-labeling of transiently transfected COS-1 cells and
immunoprecipitation of hIRE1� from prepared cell ex-
tracts (Fig. 2A). All the mutant proteins were expressed
as polypeptides migrating with a molecular mass of ∼110
kD, although the expression level of individual mutant
proteins varied dramatically. hIRE1� with Ala substitu-
tions at residues Glu 850, Arg 890, or Thr 934 were syn-
thesized at levels similar to wild-type (Fig. 2A). In con-
trast, Ala substitution at positions Lys 837, Asp 847, Arg
848, Lys 907, Gly 923, Asp 927, or Tyr 932 improved the
expression level. Of these seven mutants, the D847A,
K907A, G923A, D927A, and Y932A mutants were syn-
thesized at levels close to the kinase-defective mutant
hIRE1� (K599A) (Fig. 2A).

Although these mutations reside outside the kinase
domain, it is possible that the mutations may alter the
overall structure of the protein and disrupt kinase func-
tion. Therefore, the protein kinase activity of these mu-
tant hIRE1� proteins was measured by an in vitro auto-
phosphorylation assay (Fig. 2B). The mutant hIRE1�
molecules were immunoprecipitated from transfected
COS-1 cells, incubated in the presence of [�-32P]ATP and
analyzed by SDS-PAGE and autoradiography. All of
these mutant proteins were efficiently autophosphory-
lated, supporting the hypothesis that they retain intact

kinase activity (Fig. 2B, top). Importantly, the kinase-
defective K599A mutant was not phosphorylated, indi-
cating that contaminating cellular protein kinases were
not responsible for the phosphorylation detected. Con-
sistent with our previous observations (Tirasophon et al.
1998), phosphorylation of hIRE1� slightly reduced its
mobility on SDS-PAGE. Western blot analysis demon-
strated the degree of phosphate incorporation into these
mutants, except for K599A, roughly correlated with the
steady state level of hIRE1� protein measured by West-
ern blot analysis (Fig. 2B, bottom). Therefore, we con-
clude that the amino acid substitutions in the RNase
domain do not significantly affect hIRE1� kinase activ-
ity.

To date, a natural RNA substrate for hIRE1� has not
been identified. However, it was demonstrated previ-
ously that wild-type hIRE1� could efficiently cleave an
in vitro transcribed yeast HAC1 RNA fragment at the
correct 5� splice site junction (Tirasophon et al. 1998).
Cleavage of the 550 base HAC1 RNA fragment generated
two RNA products: a 224-base fragment representing the
5� exon and a 326-base RNA fragment representing the
intron plus the 3� exon (Fig. 2C, lane 3; Tirasophon et al.
1998). Under these conditions, cleavage at the 3� splice
site is inefficient and not detected (Tirasophon et al.
1998; Niwa et al. 1999). We utilized this assay to mea-
sure the RNase activity of the mutant hIRE1� proteins
described above. RNase activity was observed for five

Figure 2. Expression and characterization of hIRE1� RNase domain
mutants. (A) Expression of RNase domain mutants inversely correlates
with RNase activity. COS-1 cells were transfected transiently with the
expression plasmid encoding wild-type, kinase-defective (K599A), or
mutant hIRE1� with the single amino acid substitutions indicated.
Transfected cells were pulse-labeled with [35S]methionine and [35S]cys-
teine for 15 min. Cell extracts were prepared and equal numbers of
counts were immunoprecipitated with anti-hIRE1� antibody and ana-
lyzed by SDS-PAGE and autoradiography. The band intensities relative
to the wild-type hIRE1� are indicated below. (B) Point mutations
within the RNase domain of hIRE1� do not affect kinase activity. Wild-
type and mutant hIRE1� proteins were immunoprecipitated from ly-
sates of transfected COS-1cells with anti-hIRE1� antibody. The kinase
activities in the immune complexes were determined by in vitro auto-
phosphorylation in the presence of [�-32P]ATP. The complexes were
resolved by SDS-PAGE and blotted onto a nylon membrane. The phos-
phorylation status was monitored by autoradiography (top). The
amount of hIRE1� present in each lane was measured by Western blot
analysis using mouse anti-hIRE1� antibody and rabbit anti-mouse im-
munoglobulin antibody conjugated with alkaline phosphatase (bot-

tom). (C) Identification of five conserved amino acids required for hIRE1� RNase activity. An in vitro transcribed 32P-labeled HAC1
RNA fragment was incubated with immunoprecipitated wild-type or mutant hIRE1� protein. HAC1 RNA cleavage was monitored by
denaturing gel electrophoresis and autoradiography. Intact HAC1 RNA substrate and its cleaved products are shown on the left.
Numbers on the right represent the predicted sizes of the RNA substrate and cleaved products.
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hIRE1� mutants: K837A, R848A, E850A, R890A, and
T934A that generated similarly sized cleavage fragments
in variable amounts, indicating that these mutants are
able to recognize and cleave the yeast HAC1 RNA sub-
strate (Fig. 2C). The amount of yeast HAC1 RNA cleaved
by E850A or R890A were comparable to those of the
wild-type protein, indicating that their RNase activity
was not altered (Fig. 2C, lanes 3,8,9). In contrast, RNase
activity was not detected for mutants D847A, K907A,
G923A, D927A and Y932A (Fig. 2C, lanes 6,10–13). In-
terestingly, the expression levels of the mutants in-
versely correlated with their RNase activity. For ex-
ample, those mutants expressed at the highest level had
undetectable RNase activity.

The RNase activity of wild-type hIRE1� down-regulates
Ire1� mRNA

The inverse correlation between hIRE1� expression level
and RNase activity suggested that the RNase activity of
wild-type hIRE1� is required for hIre1� mRNA down-
regulation. To test this hypothesis, Northern blot analy-
sis was performed to measure the mRNA levels for each
of the hIRE1� mutants. The expression level of the plas-
mid-derived hIre1� mRNA for each mutant in trans-
fected COS-1 cells correlated well with its rate of protein
synthesis (Figs. 2A, 3A). From these results, we conclude
that the RNase activity of wild-type hIRE1�, and not its
kinase activity, is essential to down-regulate hIre1�
mRNA expression.

On overexposure of the Northern blot in Figure 3A, an
extra RNA fragment (∼0.5 kb) that hybridized to the 5�-
end of the hIre1� cDNA was detected in cells transfected
with expression plasmids encoding the wild-type hIRE1�
as well as the hIRE1� mutants K837A and R848A that
exhibit RNase activity (Fig. 3A,D, bottom, asterisk).
This fragment was not detected in RNA samples from
mutants defective in RNase activity. Primer extension
analysis was used to identify cleavage sites within the 5�
end of Ire1� mRNA. cDNA was synthesized using total
RNA obtained from transfected COS-1 cells and anti-
sense oligonucleotide primers specific to the hIre1�
mRNA sequence. Four major primer-extended products
were detected from wild-type hIre1� transfected cells
(Fig. 3B). The 5� end of these cDNAs ended at C187,
G634, C663, and T664 of the hIre1� cDNA (where 1 is
the A in the translation initiation codon) (Fig. 3C). The
same primer-extended products were observed in cells
transfected with the RNase-active hIre1� mutants
(E850A and R890A, data not shown). However, these
products were not observed from control untransfected
cells or from cells transfected with the K599A kinase-
defective hIre1� mutant (Fig. 3B; data not shown). These
results support the conclusion that the truncated hIre1�
mRNA species is either a direct or indirect product from
the RNase activity of hIRE1�.

To further elucidate the mechanism of hIre1� mRNA
autoregulation, we asked whether hIRE1� protein regu-
lates hIre1� mRNA in cis or in trans. The wild-type,
K599A kinase-defective, or the K907A RNase-defective

mutant hIRE1� expression plasmids were cotransfected
with a T7 epitope-tagged K599A kinase-defective
hIRE1� expression plasmid (Fig. 3D, top). The expression
vector encoding the T7-tagged hIRE1� has deleted the 3�
untranslated region (UTR) in hIre1� mRNA yielding a
smaller sized mRNA that can be distinguished by North-
ern blot analysis. These expression vectors were also co-
transfected with a carboxy-terminal-truncated hIRE1�
expression plasmid to elucidate the requirement for
RNA sequences in the 3� half of hIre1� mRNA for auto-
regulation (hIRE1� �C, Fig. 3D, bottom). Overexpression
of wild-type hIRE1� decreased the level of mRNA en-
coding T7-tagged kinase-defective hIRE1�-K599-T7 as
well as hIRE1� �C. In contrast, overexpression of either
K599A kinase mutant or K907A RNase mutant hIRE1�
did not reduce the mRNA level derived from the cotrans-
fected hIre1� (Fig. 3D, top, cf. lanes 2–4 with 7–9). There-
fore, the RNase activity of hIRE1� was able to down-
regulate the mRNAs encoding either T7-tagged kinase-
defective hIRE1� or the hIRE� �C mutant in trans.
Because hIre1� �C mRNA was also reduced by the
RNase activity of hIRE1�, sequences 3� to nucleotide
1634 are not required for down-regulation (Fig. 3D, bot-
tom). Interestingly, quantification of the amount of
mRNA reduced in trans (1.7-fold for hIre1�-K599A-T7)
compared to the amount reduced in cis (3.6-fold for the
hIre1�), indicated that the majority of hIre1� mRNA
was degraded in cis.

We then asked whether hIRE1� could cleave its own
mRNA in vitro. An assay similar to the yeast HAC1
mRNA cleavage reaction shown in Figure 2C was per-
formed using an in vitro-transcribed 32P-labeled trun-
cated 800-bp fragment from the 5� end of hIre1� mRNA
as a substrate. Specifically cleaved hIre1� mRNA prod-
ucts were not detected under conditions where control
yeast HAC1 mRNA was cleaved by hIRE1� (data not
shown). It is possible that the cleavage of hIre1� mRNA
by hIRE1� in vitro may be very inefficient, may require
additional cellular factors, or may require an mRNA en-
gaged with ribosomes. Taken together, the results dem-
onstrate the RNase activity of wild-type hIRE1� is re-
quired to down-regulate hIre1� mRNA and that hIRE1�
may act in cis as well as in trans to initiate hIre1�
mRNA cleavage.

The RNase activity of hIRE1� is required for UPR
signaling

The conserved specificity between yeast Ire1p and
hIRE1� for cleaving the 5� and 3� splice sites of yeast
HAC1 mRNA suggests the possibility that a splicing re-
action similar to that characterized in yeast is conserved
in higher eukaryotic cells. However, a mammalian RNA
substrate equivalent to yeast HAC1 mRNA has not been
identified. To test directly whether the RNase activity of
hIRE1� is essential for activation of the mammalian
UPR, a luciferase reporter plasmid under control of the
rat BIP promoter was cotransfected with wild-type or
mutant hIRE1� expression plasmids into COS-1 cells.
To correct for transfection efficiency, cells were cotrans-
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Figure 3. RNase activity of hIRE1� reduces hIre1� mRNA levels. (A) Northern blot analysis of cells overexpressing mutant hIRE1�.
Samples of total RNA obtained from COS-1 cells transfected with wild-type or mutant hIRE1� expression plasmids were resolved in
a formaldehyde agarose gel. The hIre1� transcripts were probed with a 0.5 kb XbaI–BamHI fragment of hIre1� cDNA. The arrow
identifies hIre1� mRNA. This autoradiogram is an overexposure in order to show the 5� cleavage product of hIre1� mRNA (asterisk).
(B) Identification of the 5� end of hIre1� mRNA fragments by primer extension. Total RNA samples isolated from COS-1 cells
transfected with wild-type (1 and 2) or K599A kinase-defective (3 and 4) hIRE1� expression plasmids were reverse transcribed using
antisense hIre1� oligonucleotides in the presence of [�-35S]dATP. The same primers were used for DNA sequence analysis of the
hIRE1� expression plasmid. Indicated residues are the positions where the reverse transcription ends. Lanes 1,3 and 2,4 are samples
from two different transfection experiments. (C) Nucleotide sequences flanking the cleavage sites within hIre1 mRNA. Numbers on
the right are the position of the last nucleotide relative to the initiation codon (the A in ATG is 1). Arrows indicate the predicted
cleavage site within hIre1� mRNA. Underlined residues in HAC1 mRNA are resides that are conserved and required for cleavage by
Ire1p (Kawahara et al. 1998; Gonzalez et al. 1999). (D) Cis- and trans-autoregulation of hIre1� mRNA expression. A T7-tagged
kinase-defective full-length hIRE1� expression plasmid (top) or a truncated hIRE1� expression plasmid (bottom) was cotransfected
with wild-type or mutant hIRE1� expression plasmids into COS-1 cells. Total RNA was prepared at 50 h posttransfection and analyzed
by Northern blot hybridization. The blots were probed with an �-32P-labeled 3.5 kb EcoRI–XbaI fragment of hIre1� cDNA (top) or an
�-32P-labeled 0.5 kb XbaI–BamHI fragment from the 5� end of hIre1� cDNA (bottom). Arrows indicate positions of the plasmid-derived
transcripts. hIre1�–T7 mRNA is smaller than hIre1� mRNA due to deletion of 3� UTR during plasmid construction (see Materials and
Methods). This autoradiogram is an overexposure to demonstrate the 5� cleavage product of hIre1� mRNA (asterisk).
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fected with a �-galactosidase expression vector. The lu-
ciferase activity relative to �-galactosidase activity de-
tected in the cell extract reflects the hIRE1�-mediated
trans-activation of the rat BIP promoter. On tunicamy-
cin treatment to promote accumulation of unglyco-
sylated and misfolded protein in the ER, control cells
transfected with empty vector activated the rat BIP pro-
moter approximately fourfold (Fig. 4A). Overexpression
of wild-type hIRE1� or the RNase-active mutants
(E850A and R890A) activated the BIP promoter in the
absence of tunicamycin treatment, and tunicamycin
treatment did not significantly increase BIP reporter
gene expression any further (Fig. 4A). In contrast, over-
expression of the RNase-defective hIRE1� mutants �C,
K907A or G923A did not induce luciferase reporter gene
expression in the absence of tunicamycin, and actually
reduced the tunicamycin-dependent activation of this re-
porter (Fig. 4A). We consistently observed that the
hIRE1� �C mutant acts as a stronger dominant negative
than the RNase-defective hIRE1� mutants. Previous ex-
periments suggested that the kinase-defective K599A
mutant hIRE1� might also act in a trans-dominant nega-
tive manner to inhibit endogenous hIRE1� (Tirasophon
et al. 1998). However, more detailed analysis has shown
that this mutant hIRE1� does activate the BIP reporter
construct compared to the vector, although to a variable
extent (Fig. 4A). The variable activation of the BIP re-
porter by the K599A mutant may depend on the growth

conditions of the cell that may influence the activation
status of endogenous IRE1. These results show that the
RNase activity of hIRE1� is required to activate the
UPR. In addition, the RNase-defective hIRE1� mutants
act in a trans-dominant negative manner to inhibit the
endogenous UPR signaling pathway activated by accu-
mulation of unfolded unglycosylated proteins in the ER,
although less effectively than truncated hIRE1� �C.

To test whether overexpression of a wild-type glyco-
sylated protein can also activate hIRE1�, ER stress was
induced by overexpression of immunoglobulin µ heavy
chain in the absence of its light chain. Expression of µ
heavy chain activated the BIP reporter in cotransfection
experiments. Compared to overexpression of the wild-
type hIRE1�, overexpression of K599A kinase mutant
displayed intermediate activation and expression of the
K907A RNase mutant blocked activation by µ immuno-
globulin overexpression (Fig. 4B; µ). In contrast, overex-
pression of a mutant µ heavy chain deleted of the signal
peptide (Srinivasan et al. 1993), so that it is not translo-
cated into the ER lumen, did not activate the BIP re-
porter construct (Fig. 4B; �sµ). This result shows that
overexpression of the RNase-defective hIRE1� can pre-
vent activation of the UPR on wild-type protein translo-
cation into the ER lumen. This is the first data support-
ing that overexpression of a secreted wild-type protein
can signal through hIRE1� to activate the UPR. From
these results we conclude that the RNase activity is es-
sential for hIRE1� to activate the mammalian UPR.

The RNase activity of mIRE1� is required
for autoregulation and signaling

Two mammalian Ire1 homologs, Ire1� and Ire1�, exist
which are each able to activate the UPR on overexpres-
sion in mammalian cells (Tirasophon et al. 1998; Wang
et al. 1998; Niwa et al. 1999). Their conservation in do-
main structure and amino acid sequence suggests that
IRE1� may share a number of properties with IRE1�. To
study the role of the RNase activity in IRE1�, we intro-
duced a K843A mutation into IRE1�, the residue ho-
mologous to Lys 907 that is required for RNase activity
in hIRE1�. The mRNA levels for wild-type, the kinase-
defective (K536A), and the RNase-defective (K843A)
mIRE1� mutants were measured after transient transfec-
tion into COS-1 cells. Expression vectors were cotrans-
fected with a vector encoding eukaryotic translation ini-
tiation factor 2� (eIF2�) as an internal transfection con-
trol (Tirasophon et al. 1998). Compared with the kinase-
defective and RNase-defective mutants, the expression
level of wild-type mIre1� mRNA was reduced threefold
where there was no reduction in the mRNA encoding
eIF2� (Fig. 5A). These results support that the RNase
activity of wild-type mIRE1� specifically degrades
mIre1� mRNA. Whereas wild-type mIRE1� was not de-
tected on Western blot analysis (data not shown), both
the K536A kinase mutant and the K843A RNase mutant
were detected readily (Fig. 5B). Immunoprecipitation and
in vitro kinase activity assay demonstrated that the
RNase-defective K843A mutant mIRE1� was autophos-

Figure 4. The RNase activity of hIRE1� is required for the
mammalian UPR. (A) The reporter plasmids containing the lu-
ciferase gene under control of the rat BIP promoter and �-galac-
tosidase under control of the SV40 early promoter were cotrans-
fected with the hIRE1� expression plasmids into COS-1 cells as
indicated. The transfected cells were treated with 10 µg/ml tu-
nicamycin for 6 h prior to harvest. The luciferase activities are
presented relative to SV40 �-galactosidase activities. Similar re-
sults were obtained from two independent experiments. (B)
Cells were transfected as above in the presence of pMT2-µ or
pMT2-�sµ. The vector used for wild-type and mutant hIRE1�

expression is pED�C.
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phorylated (Fig. 5B). Therefore, the mutation in the
RNase domain of mIRE1� did not interfere significantly
with kinase activity.

We then tested whether the RNase activity of mIRE1�
is required to activate the BIP reporter gene. Transfection
of increasing amounts of mIre1� activated BIP reporter
gene expression significantly greater than that observed
for hIre1� (Fig. 5C). Although we could not compare di-
rectly the expression levels of hIRE1� and mIRE1�,
Western blot analysis suggests that mIRE1� is expressed
at a lower level than hIRE1� (Figs. 5B,6; and data not
shown). Transfection of the K536A kinase mutant
mIre1� displayed an intermediate activation, whereas
transfection of the K843A RNase mutant mIre1� did not
activate the BIP reporter gene (Fig. 5C). Cotransfection of
wild-type mIre1� with wild-type hIre1� did not yield
greater activation of the BIP reporter than that observed
with mIre1� alone (data not shown). In addition, the
hIRE1� RNase mutant did not reduce activation pro-
vided by wild-type mIRE1� and vice versa, indicating
that the products from these two homologous genes did
not interact, an observation also supported by coimmu-
noprecipitation (data not shown). Finally, the pattern of
BIP promoter activation shown in Figure 5C was identi-
cal to that observed when using an ERP72 promoter
linked to chloramphenicol acetyltransferase (CAT) as re-
porter (Srinivasan et al. 1993; data not shown). Although
these studies support that these two different UPR-in-
ducible genes are activated by hIRE1� or mIRE1� over-
expression, mIRE1� is a more potent activator than
hIRE1� for both the BIP and ERP72 promoters. In con-
clusion, these results demonstrate that both IRE1� and
IRE1� require the RNase activity to signal transcrip-
tional activation.

The IRE1� mutant in RNase activity cannot
complement in trans an IRE1� mutant in kinase
activity

Because the RNase-defective hIRE1� mutants act in a
trans-dominant negative manner to inhibit the endog-
enous UPR signaling pathway, we propose that the mu-
tant protein dimerizes with endogenous IRE1 to prevent
signaling. If dimerization occurs, then we may expect
that the kinase activity of the K907A RNase-defective
hIRE1� should complement the K599A kinase-defective
hIRE1�. This hypothesis was tested by coexpression of
the kinase-defective (K599A) and RNase-defective
(K907A) hIRE1� molecules to measure activation of the
ERP72 promoter using the ERP72-CAT construct (ERP-
TRE-CAT; Srinivasan et al. 1993). Surprisingly, the in-
duction caused by overexpression of K599A kinase-de-
fective IRE1� was blocked by coexpression of the K907A
RNase-defective hIRE1� mutant (Fig. 6A). The CAT ex-
pression in cells cotransfected with the RNase-defective
hIRE1� and the kinase-defective hIRE1� was as low as
that measured in cells transfected with the RNase-defec-
tive hIRE1� alone and lower than that in cells trans-
fected with the kinase-defective hIRE1� alone (Fig. 6A).

Western blot analysis demonstrated that each of the co-
expressed proteins was expressed well (Fig. 6A, bottom).
Similar results were obtained during analysis of the BIP
reporter gene (data not shown), demonstrating that the
RNase-defective hIRE1 can function in a trans-dominant

Figure 5. The RNase activity of mIRE1� is required for mRNA
autoregulation and activation of the UPR. (A) Northern blot
analysis of mIre1� mRNA. COS-1 cells were transfected with a
plasmid carrying eIF2� and either wild-type, kinase-defective
(K536A), or RNase defective (K843A) mIRE1� expression plas-
mids as indicated. Total RNAs were prepared at 40 h posttrans-
fection and analyzed by Northern blot hybridization. The blots
were probed with �-32P-labeled 3.0 kb EcoRI–XhoI fragment of
pcDNA-mIre1�–myc (top) and a 0.25 kb exon 2 fragment of
eIF2� (bottom). The vector used for wild-type and mutant
mIRE1� expression is pcDNA3 and eIF2� is expressed in pED.
Arrows indicate the positions of plasmid-derived transcripts. (B)
In vitro kinase assay of mIRE1�. COS-1 cells were transfected
with either kinase-defective mIRE1� or RNase-defective
mIRE1� expression plasmids. Cell lysates were prepared at 40 h
posttransfection, immunoprecipitated, and subjected to in vitro
kinase assay as described in Materials and Methods. Samples
were separated in a 6% acrylamide gel and transferred to poly-
vinylidene difluoride membrane before quantitation by Phos-
phorImaging (top). The same blot was analyzed by Western blot
analysis using anti-c-Myc epitope antibody and anti-mouse im-
munoglobulin antibody conjugated with horseradish peroxi-
dase. Band intensities were measured after enhanced chemi-
lumenescence (bottom). (C) The RNase activity of mIRE1� is
required to activate the UPR. COS-1 cells were cotransfected
with BIP-luciferase reporter, the SV40–�-gal reporter, and the
indicated mutants of mIRE1�. Analysis was performed as de-
scribed in Materials and Methods.
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negative manner to prevent UPR transcriptional activa-
tion at both the BIP and ERP72 promoters. These find-
ings support that hIRE1� forms a homodimer and two
functional RNase domains are required to activate the
UPR.

To examine whether trans-phosphorylation between
hIRE1� molecules occurs, Western blot analysis was per-
formed on lysates from transfected COS-1 cells. By West-
ern blot analysis, it is possible to distinguish unphos-
phorylated hIRE1� from phosphorylated hIRE1� due to
the slower migration of the latter on reducing SDS-
PAGE. Western blots were probed with anti-T7 and anti-
hIRE1� antibodies. Cells transfected with T7-tagged ki-
nase-defective K599A mutant hIRE1� displayed a single
species that was detected by both antibodies (Fig. 6B,
lane 2). In contrast, cells transfected with T7-tagged
wild-type hIRE1� had a slower migrating species, corre-
sponding to phosphorylated hIRE1�, that also reacted
with both antibodies (Fig. 6B, lane 3). Cells cotransfected
with wild-type hIRE1� and the T7-tagged K599A mutant
hIRE1� displayed two species corresponding to phos-
phorylated and nonphosphorylated hIRE1� that were de-
tected with the anti-hIRE1� antibody. However, the
anti-T7 antibody also detected phosphorylated forms of
the T7-tagged K599A mutant hIRE1� (Fig. 6B, lane 4),
demonstrating that phosphorylation of this molecule is
dependent on the wild-type hIRE1�. For an antibody con-
trol, no species were detected with the anti-T7 antibody
in the absence of the T7-epitope tag on wild-type and
K599A mutant hIRE1� molecules (Fig. 6B, lane 5). Fi-
nally, the K599A mutant hIRE1� was also phosphory-
lated by the K907A RNase-defective hIRE1� (Fig. 6B,
lane 6). Importantly, the level of phosphorylated hIRE1�
in these cotransfected cells was significantly greater
than that observed for the wild-type hIRE1� transfected
cells (Fig. 6B, cf. lane 3 with 6), although there was no
activation of the reporter gene (Fig. 6A). These results
demonstrate that trans-autophosphorylation between
mutant hIRE1� molecules can occur. However, although
the RNase-defective hIRE1� was able to phosphorylate
the kinase-defective hIRE1� mutant, this phosphoryla-
tion was not sufficient to activate the RNase activity of
the kinase mutant.

Discussion

IRE1 is structurally related to type I growth factor recep-
tors that require dimerization and/or oligomerization for
activation (Lemmon and Schlessinger 1994; Wrana et al.
1994; Heldin 1995). Therefore, the concentration of
these receptors is regulated tightly at a level that pre-
vents spontaneous dimerization and activation, and at
the same time permits rapid signaling on demand. The
requirement for stringent Ire1 expression is underscored
by the observation that overexpression of mammalian
hIRE1� induces apoptosis (Wang et al. 1998). Previous
studies in transfected COS-1 cells demonstrated that ex-
pression of wild-type hIRE1� protein and mRNA is ∼15-
fold lower compared to kinase-defective (K599A) mutant

Figure 6. Two functional RNase domains are required for the
RNase activity of hIRE1�. (A) RNase-defective and kinase-de-
fective IRE1� mutants do not trans-complement each other.
COS-1 cells were cotransfected with the ERP72 CAT reporter
construct and the indicated mutants of hIRE1�. Cell lysates
were prepared and CAT protein and �-galactosidase activity
were measured as described in Materials and Methods. The er-
ror bars represent the average of two independent experiments.
Western blot analysis was performed using anti-hIRE1� anti-
body that reacts with the luminal domain of hIRE1� (bottom).
(B) hIRE1� is autophosphorylated by both inter- and intramo-
lecular phosphorylation reactions. COS-1 cells were cotrans-
fected with pED�C vector, or vector expressing wild-type, ki-
nase-defective (K599A), or RNase-defective (K907A) hIRE1� as
indicated. In the cotransfection experiments, equal amounts of
each plasmid DNA were used. Protein extracts were prepared at
48 h posttransfection and were subjected to Western blot analy-
sis using mouse anti-T7 antibody (top) or mouse anti-hIRE1�

luminal domain antibody (bottom). Detection was performed
with rabbit anti-mouse immunoglobulin conjugated with horse-
radish peroxidase using enhanced chemilumenescence. The ar-
rows indicate the migration of phosphorylated and unphos-
phorylated hIRE1�. The open triangle on the left side of the lane
indicates migration of a phosphorylated doublet of full-length
and T7-epitope tagged hIRE1�. The T7-epitope tagged IRE1� mol-
ecules migrate slightly slower than untagged IRE1� molecules.
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hIRE1� (Tirasophon et al. 1998), suggesting that hIRE1�
may negatively autoregulate its expression. To test this
hypothesis, we have introduced specific point mutations
into conserved residues in the RNase domain of hIRE1�
to study its functional significance.

The novel RNase domain of hIRE1� has homology to
RNase L, a 741 amino acid protein that mediates the
interferon antiviral response (Diaz-Guerra et al. 1997;
Stark et al. 1998). Despite structural similarities, the two
proteins are involved in different cellular processes.
Whereas RNase L is a nonspecific RNase that partici-
pates in degradation of cellular RNAs on viral infection,
yeast Ire1p requires cleavage specificity to mediate the
UPR. RNase L is activated by binding of 2�,5�-linked oli-
goadenylates (2�,5�-A). Upon binding to 2�,5�-A mol-
ecules, the inactive monomeric form of RNase L dimer-
izes into its catalytically active form that can bind sub-
strate (Dong and Silverman 1995; Cole et al. 1997).
Although RNase L was cloned in 1993, very little is
known regarding its structural requirements for RNase
activity. Dong and Silverman (1997) demonstrated that
residues 710–720 are required for substrate binding and
catalytic activity. Interestingly, these residues are out-
side the region (residues 587–706) that has homology to
IRE1 (Fig. 1). Most of the mutations we made were at
residues conserved between IRE1 molecules from hu-
man, C. elegans, and S. cerevisiae. To identify potential
determinants in RNA cleavage specificity for hIRE1�,
mutations were constructed at two residues that were
not conserved in mIRE1� and at seven residues that were
not conserved in RNase L. Our mutagenesis studies
demonstrated that hIRE1� residues G923 and Y932 are
required for hIRE1 RNase activity. Because these resi-
dues are conserved in RNase L, they may be essential for
catalytic function. Residues D847, K907, D927, and
T934 were required for IRE1� RNase activity toward
yeast HAC1 RNA and are not conserved in RNase L.
Interestingly, three of these residues alter charge be-
tween IRE1� and RNase L, possibly suggesting substrate
interaction sites. Finally, the homologous residue for
D927 in hIRE1� is Ala in mIRE1�. However, the D927A
hIRE1� mutant did not display RNase activity. Because
all known Ire1 genes encode acidic amino acid residues
in this position, the Ala in mIRE1� may be a cloning
error. We have confirmed that the mIre1� DNA se-
quence isolated previously (Wang et al. 1998) does en-
code an Ala at this position. Future studies will charac-
terize the interaction of IRE1� and IRE1� with their
RNA substrates, once they are identified. Significantly,
our studies are the first to separate the kinase activity
from the RNase activity in IRE1.

Although autophosphorylation of hIRE1� has been re-
ported (Tirasophon et al. 1998), we have now demon-
strated that trans-autophosphorylation between hIRE1�
molecules occurs. However, the UPR-signaling activity
of the K599A kinase-defective hIRE1� was not activated
by the kinase activity of the K907A RNase-defective
hIRE1� mutant. Although there are several interpreta-
tions for this observation, we propose that functional
RNase activity requires a homodimer of functional

RNase domains where each RNase domain contributes a
necessary function for catalytic activity. This is some-
what analogous to tRNA endoribonuclease where the
active enzyme requires a homodimer of two functional
RNase molecules (Trotta et al. 1997). We propose that
ER stress promotes dimerization of the inactive IRE1
monomers and subsequent trans-autophosphorylation.
Recent studies are consistent with dimerization-induced
activation of IRE1� on ER stress (Bertolotti et al. 2000;
Liu et al. 2000). Phosphorylation of the molecule then
induces a conformational change to activate the RNase
function. The RNase function requires that IRE1 be
maintained as a dimer. The RNase activity may be at-
tenuated by action of a phosphatase or by dissociation of
the homodimer. The studies support that it may be pos-
sible to limit activation of IRE1 by design of molecules
that prevent dimerization. Future studies are required to
identify sites of phosphorylation and their role in the
activation of the RNase activity.

The mRNAs encoding RNase-defective hIRE1� mol-
ecules that retain kinase function were all expressed at
∼15× greater levels than the wild-type or RNase active
mutants, demonstrating that the RNase activity, and not
the kinase activity, of hIRE1� is required for hIre1�
mRNA down-regulation. The most direct interpretation
of these results is that the RNase activity of hIRE1�
initiates degradation of hIre1� mRNA. However, our in
vitro studies did not detect direct cleavage of hIre1�
mRNA by hIRE1� protein. Surprisingly, hIRE1� protein
preferentially degraded hIre1� mRNA in cis compared to
in trans. The preferential cis-dependent autoregulation
suggests that hIRE1�-mediated decay of hIre1� mRNA is
independent of hIRE1� concentration and therefore is
likely not a consequence of hIRE1� overexpression. The
observation that degradation occurs in cis suggests that
cleavage may be initiated while the nascent polypeptide
is still associated with the polysome. We propose that
the amino-terminal end of the cytosolic domain within
the nascent IRE1 polypeptide binds to the 5� end of its
own mRNA. After release of the nascent chain from the
ribosome, IRE1 dimerizes to activate the RNase activity
to initiate Ire1 mRNA degradation. The RNase-depen-
dent autoregulation of hIre1� mRNA was not unique
because similar findings were made in analysis of hIre1�
mRNA expression, although regulation was to a lesser
degree. These findings have elucidated a unique strategy
for gene regulation in which a protein utilizes its RNase
activity to fine-tune its mRNA expression.

A partially degraded 0.5-kb mRNA fragment derived
from the 5� end of hIre1� mRNA was identified in cells
overexpressing the wild-type or the RNase active mu-
tants of hIRE1�, but was absent in cells overexpressing
RNase-defective hIRE1�. To our knowledge, this is the
first in vivo identification of a cleavage intermediate in
an mRNA degradation pathway in higher eukaryotes.
Primer extension analysis identified several cleavage
sites, although alignment of the nucleotide sequences
flanking these sites with that of the 5� and 3� splice sites
of yeast HAC1 mRNA did not identify any conserved
features (Fig. 3C). These cleavage sites do not possess a
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stem structure with a seven-member nucleotide ring
that was proposed to be crucial for substrate recogni-
tion by yeast Ire1p (Sidrauski and Walter 1997; Kawahara
et al. 1998). They also do not display the 3–4 con-
served residues found to be required for HAC1 mRNA
cleavage (Fig. 3C) (Kawahara et al. 1998; Gonzalez et al.
1999). It is possible that hIRE1� cleaves hIre1� mRNA in
association with another factor(s) that lessens its se-
quence specificity in vivo. Alternatively, the RNase ac-
tivity of hIRE1� may activate a second RNase that dis-
plays a lesser sequence specificity and cleaves hIre1�
mRNA. In this context, it is interesting to note that one
of the cleavage sites we identified is after CUG, which
fits the consensus site for cleavage detected by the Xeno-
pus laevis estrogen-regulated polysomal nuclease in-
volved in degradation of albumin mRNA (Cherno-
kalskaya et al. 1997). This CUG cleavage specificity was
also characterized for a polysomal-associated RNase that
degrades the c-Myc mRNA (Lee et al. 1998). With this in
mind, it is possible that the hIRE1� RNase activity may
contribute to the degradation of c-Myc and albumin
mRNAs.

Overexpression of hIRE1� or hIRE1� activates the
UPR in mammalian cells (Tirasophon et al. 1998; Wang
et al. 1998). However, it is unknown whether mamma-
lian cells have a yeast-like IRE1-mediated HAC1 mRNA
splicing reaction. To date, a bZIP homolog of S. cerevi-
siae HAC1 has not been identified in higher eukaryotes,
including the sequenced C. elegans and D. melanogaster
genomes. Although Niwa et al. (1999) have reported that
yeast HAC1 mRNA can be spliced in mammalian cells,
we have not observed this in our laboratory (Foti et al.
1999). In addition, it is not necessary to invoke RNase
activity for UPR signaling because Mori and co-workers
demonstrated that overexpression of the bZIP transcrip-
tion factor ATF6 can activate transcription from the ER
stress response element (ERSE) (Haze et al. 1999). The
activity of ATF6 is regulated by ER-stress-induced pro-
teolysis to generate a DNA-binding and transcription-
activating fragment of ATF6 (a 50-kD protein) that
translocates to the nucleus. In addition, Atf6 mRNA
processing was not detected on ER stress (Yoshida
et al. 1998). Finally, deletion of mIre1� in mouse embry-
onic fibroblasts did not reduce the induction of BIP on
ER stress (Urano et al. 2000; W. Tirasophon et al., un-
publ.). However, our results show that overexpres-
sion of hIRE1� or mIRE1� activated the UPR in a man-
ner that required the RNase activity, supporting that a
HAC1 mRNA-like splicing reaction exists in mam-
malian cells and that hIRE1� and mIRE1� share a com-
mon substrate. This common substrate signals to
activate both the BIP and ERP72 promoters. It is pos-
sible that IRE1-mediated splicing may activate the trans-
lation of a protease that subsequently cleaves ATF6
(Yoshida et al. 1998). In support of this hypothesis,
Wang et al. (2000) demonstrated recently that the kinase-
defective hIRE1� mutant K599A blocks ER stress-in-
duced activation of ATF6 in mammalian cells, suggest-
ing that ATF6 cleavage is downstream from IRE1� sig-
naling.

Materials and methods

Plasmid construction and site-directed mutagenesis

To create RNase mutant hIRE1� clones, a 3-kb XbaI–EcoRI frag-
ment from pED-hIRE1� was subcloned into the pALTER plas-
mid (Promega). Site-directed mutagenesis was performed ac-
cording to the manufacturer’s procedure. Ten mutant cDNAs
were created using the following primers: K837A, 5�-ACTGGA
GCTGCGCCTCTAGGCTCC-3�; D847A, 5�-TTTCTATTCTG
GCGCTCACGTCC-3�; R848A, 5�-CCTTTTCTATTGCGTC
GCTCACGT-3�; E850A, 5�-GGGATTCCTTTGCTATTCTGT
CG-3�; R890A, 5�-CTTTATAGGTCGCGAATTTACGCA-3�;
K907A, 5�-AGTGGTGCTTCGCATTTCTCATGG-3�; G923A,
5�-CGGGGAGGGTCGCCAGCGTCTCC-3�; D927A, 5�-AC
GCCGTCGGCGGGGAGGGTC-3�; Y932A, 5�-GAGACGTGA
AGGCGCACACGCCGT-3�; T934A, 5�-GAAGCGAGACGCG
AAGTAGCACA-3�.

Mutated residues are represented in bold, and mutated triplet
codons are underlined. Two independent clones from each mu-
tagenesis reaction were subcloned into the pED�C mammalian
expression plasmid (Kaufman et al. 1991) and characterized.
Wild-type and K599A hIre1� cDNAs with a T7 epitope tag were
created by polymerase chain reaction (PCR) using the oligo-
nucleotide primer 5�-CCGCTCGAGTTAACCCATTTGCT
GTCCACCAGTCATGCTAGCCATTCCGAGGGCGTCTGG
AGTCAC-3�. To construct HA-tagged hIRE1� �C, a 0.2-kb frag-
ment corresponding to nucleotides 1455–1634 of hIre1� was
amplified by PCR using primers 5�-GCTGATTGGCTGGGTG
GCCTTC-3� and 5�-CCGGAATTCAAGCGTAGTCTGGGAC
GTCGTATGGGTAGCTGTCCAGGAGCTCGCCG-3� and Vent
DNA polymerase. The PCR fragment was digested with NsiI
and EcoRI and then subcloned into the respective sites in pED–
hIRE1�. Wild-type and K536A mutant mIRE1� cDNAs cloned
into pcDNA3 were a gift from Dr. David Ron (New York Uni-
versity Medical School, New York). The RNase-defective
mIRE1� (K843A) was created by site-directed PCR mutagenesis
using the following primers: K843A-1, 5�-CCCTGTAGTGGT
GCTTCGCGTTCCTCATGGC-3� K843A-2, 5�-GCCATGAG
GAACGCGAAGCACCACTACAGGG-3� 5820G, 5�-CCTCG
GCAGGATGGGTACTGGCTC-3� 5823G-myc, 5�-GGGGCT
CGAGTCACAGATCCTCCTC-3�. Mutated residues are repre-
sented in bold, and mutant triplet codons are underlined. All
mutations were verified by DNA sequencing.

The immunoglobulin µ expression vectors and the ERPTRE-
CAT reporter were described previously (Srinivasan et al. 1993)
and kindly provided by Dr. Michael Green (St. Louis University,
St. Louis, MO). The eIF2� expression vector pED-2� (Kaufman
et al. 1991) and the BIP-luciferase reporter plasmid (Tirasophon
et al. 1998) were described previously.

Transient DNA transfection and analysis in mammalian cells

COS-1 monkey cells were cultured and DNA transfection was
performed and analyzed as described previously (Tirasophon et
al. 1998). At 60 h posttransfection the transfected cells were
pulse-labeled with [35S]methionine and [35S]cysteine (>1000 Ci/
mmole, Amersham Pharmacia) for 15 min prior to harvesting
the cells.

Immunoprecipitation analysis

Cell extracts were preadsorbed with protein A sepharose. The
precleared lysates were subsequently incubated with anti-
hIRE1�, anti-c-Myc epitope or anti-T7 epitope antibodies in NP-
40 lysis buffer supplemented with protease inhibitors at 4°C for
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14 h and then incubated with rabbit anti-mouse immunoglob-
ulin antibody for 1 h. The immune complexes were adsorbed to
protein A sepharose and washed sequentially with phosphate
buffered saline (PBS) containing Triton X-100 at 1%, 0.1%, and
0.05%.

In vitro phosphorylation and Western blot analysis

Immunoprecipitated hIRE1� or mIRE1� from transfected
COS-1 cells was incubated in kinase buffer (50 mM Tris-HCl at
pH 7.4, 150 mM NaCl, 1 mM MnCl2, 1 mM MgCl2, 1 mM
Na2MoO4) containing 2 mM sodium fluoride, 1 mM dithiothrei-
tol and 10 µCi [�-32P]ATP (6000 Ci/mmole, Amersham) at 30°C
for 40 min. The protein samples were analyzed by SDS-PAGE
and autoradiographed after electroblotting onto a nitrocellulose
membrane. The membrane was probed with mouse anti-
hIRE1�, anti-c-Myc, or anti-T7 antibody followed by goat anti-
mouse antibody conjugated with horseradish peroxidase
(Roche, Indianapolis, IN). Band intensities were measured by
enhanced chemilumenescence and quantified using the NIH
Image 1.55b program.

RNA analysis

Total RNA from transfected COS-1 cells was prepared at 50 h
posttransfection (unless otherwise specified) using TRIzol re-
agent (Bethesda Research Labs, Rockville, MD). For Northern
analysis, RNA samples (10 µg) were electrophoresed on 1%
formaldehyde agarose gels and transferred onto a Hybond nylon
membrane (Amersham Pharmacia) for hybridization (Tiraso-
phon et al. 1998). 32P-labeled probes were prepared using the
random prime labeling system (Amersham Pharmacia). Primer
extension was performed as described by Sambrook et al (1989).

In vitro cleavage of HAC1 RNA

In vitro cleavage of HAC1 mRNA was performed as described
previously by Sidrauski and Walter (1997) with modifications
(Tirasophon et al. 1998).

UPR reporter assays

Each 100 mm plate of COS-1 cells was cotransfected with BIP-
luciferase reporter plasmid (2 µg), SV40-�-gal (1 µg, Promega,
Madison, WI), and wild-type or mutant pED-hIRE1 expression
plasmids (6 µg each) by the calcium phosphate procedure (Tira-
sophon et al. 1998). In some experiments the ERP72 reporter
plasmid (ERPTRE-CAT, kindly provided by Michael Green, St.
Louis University, St. Louis, MO) replaced the BIP-luciferase re-
porter plasmid. At 52 h posttransfection, cells were treated with
or without 10 µg/ml tunicamycin for 6 h and cell lysates were
prepared. �-galactosidase activity assays (Promega, Madison,
WI), CAT ELISA assays (Boehringer Mannheim), and luciferase
activity assays (Boehringer Mannheim) were performed accord-
ing to manufacturer’s instructions. The luciferase and CAT ac-
tivities were normalized to �-galactosidase activity.
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