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Eukaryotes respond to the presence of unfolded protein in the endoplasmic reticulum (ER) by up-regulating
the transcription of genes encoding ER protein chaperones, such as BiP. We have isolated a novel human
cDNA encoding a homolog to Saccharomyces cerevisiae Irelp, a proximal sensor for this signal transduction
pathway in yeast. The gene product hlrelp is a type 1 transmembrane protein containing a cytoplasmic
domain that is highly conserved to the yeast counterpart having a Ser/Thr protein kinase domain and a
domain homologous to RNase L. However, the luminal domain has extensively diverged from the yeast gene
product. hlrelp expressed in mammalian cells displayed intrinsic autophosphorylation activity and an
endoribonuclease activity that cleaved the 5’ splice site of yeast HAC1 mRNA, a substrate for the
endoribonuclease activity of yeast Irelp. Overexpressed hlrelp was localized to the ER with particular

concentration around the nuclear envelope and some colocalization with the nuclear pore complex. Expression
of Irelp mRNA was autoregulated through a process that required a functional hirelp kinase activity. Finally,
overexpression of wild-type hlrelp constitutively activated a reporter gene under transcriptional control of the

rat BiP promoter, whereas expression of a catalytically inactive hlrelp acted in a trans-dominant-negative
manner to prevent transcriptional activation of the BiP promoter in response to ER stress induced by
inhibition of N-linked glycosylation. These results demonstrate that hlrelp is an essential proximal sensor of

the unfolded protein response pathway in mammalian cells.
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The endoplasmic reticulum (ER) is an organelle special-
ized for protein folding and assembly of membrane pro-
teins and of proteins destined for trafficking to lyso-
somes and the extracellular space. Newly synthesized
lysosomal, secretory, and membrane proteins are trans-
located into the lumen of the ER that provides an oxi-
dizing environment and contains a multitude of ER resi-
dent proteins that facilitate the folding process (for re-
views, see Gething and Sambrook 1992; Hartl 1996). The
transcription of many of the genes encoding ER resident
proteins, such as BiP (immunoglobulin binding protein
or GRP78; Munro and Pellham 1986), is upregulated in
response to glucose deprivation (Lee 1987), in response to
conditions that disrupt protein folding in the ER, and in
response to the presence of unfolded or unassembled pro-
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teins in the ER (Lee 1987; Kozutsumi et al. 1988; Dorner
et al. 1989). Thus, an unfolded protein response (UPR)
exists in cells that detect unfolded protein in the ER
lumen to transduce a signal(s) across the ER membrane
to activate transcription of selective genes in the nucleus
(Kozutsumi et al. 1988).

Although little is known about the mechanism of the
UPR signal transduction pathway in higher eukaryotes,
studies from the budding yeast, Saccharomyces cerevi-
siae, demonstrate the existence of a complex unique sig-
naling pathway between these two organelles (Mori et al.
1992). Characterization of the promoters of the genes
encoding ER resident proteins, for example, KAR2 (yeast
BiP), demonstrated that they share a highly conserved
cis-acting regulatory unfolded protein responsive ele-
ment (UPRE), that is necessary and sufficient to mediate
the response to unfolded protein in the ER (Cox et al.
1993; Mori et al. 1993). By use of genetic approaches,
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Irelp/Ernlp, an ER type 1 transmembrane protein that
contains a Ser/Thr protein kinase domain in its carboxyl
terminus, was identified as the UPR proximal sensor
that monitors the status of unfolded protein inside the
ER lumen (Cox et al. 1993; Mori et al. 1993). Irelp was
originally identified as a gene required for inositol pro-
totrophy in S. cerevisiae (Nikawa and Yamashita 1992).
The kinase activity of Irelp is essential to transmit the
UPR signal from the ER to induce specific gene tran-
scription in the nucleus (Mori et al. 1993; Shamu and
Walter 1996). Cox and Walter (1996) subsequently re-
ported that Irelp directly regulated biosynthesis of
Haclp, a transcription factor that binds specifically to
the UPRE. Recent studies demonstrate that HAC1
MRNA is synthesized as a precursor that is inefficiently
translated. On activation of the UPR, Irelp elicits an
endonuclease activity that specifically cleaves an intron
from HAC1 mRNA. Subsequently, the tRNA ligase
Rlglp is required to splice together the 5’ and 3’ cleaved
fragments to yield a product that is efficiently translated
(Cox and Walter 1996; Chapman and Walter 1997; Kawa-
hara et al. 1997; Sidrauski et al. 1997). The increased
level of Haclp leads to the transcriptional activation of
genes containing a UPRE.

Although the molecular mechanisms signaling the
yeast UPR are well characterized, the mechanisms sig-
naling the UPR in mammalian cells remain elusive. A
conserved promoter region, the glucose-regulated core
sequence, in several mammalian genes encoding for ER
proteins was identified as a potential cis-acting regula-
tory element equivalent to the yeast UPRE (Resendez et
al. 1988). Despite the sequence similarity between the
mammalian glucose-regulated core sequence and the S.
cerevisiae UPRE, no single element in this promoter re-
gion appears necessary and sufficient to mediate tran-
scriptional induction as described for the UPRE in yeast
cells. In addition, although transcriptional activation in
response to conditions that disrupt protein folding in the
ER correlates with changes in activities of protein Ki-
nases and phosphatases (Resendez et al. 1986; Koong et
al. 1994a; Cao et al. 1995; Chen et al. 1998), a signaling
molecule that responds to unfolded protein in the ER to
induce transcription of the ER protein chaperone genes
has not been identified. In this report we describe the
identification and characterization of a human gene
product that is equivalent to Irelp of S. cerevisiae and
functions as a proximal sensor for the UPR in mamma-
lian cells.

Results

Isolation of complementary DNA encoding human
Irelp

To screen for a human homolog of S. cerevisiae IRE1,
degenerate oligonucleotide primers were designed from
the amino acid sequence (ISDFGLCK) in the kinase sub-
domain VII of S. cerevisiae IRE1 that was also conserved
in a putative Caenorhabditis elegans IRE1 identified in
the genbank, but was not present in other protein Ser/
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Thr protein kinases. The oligonucleotide was used in
combination with a Agt 10 specific primer to amplify
DNA fragments from a human fetal liver cDNA library.
RH3 was isolated as a candidate clone containing a 270-
bp PCR product that encoded for a portion of the cata-
lytic domain of a novel human Ser/Thr protein kinase.
The clone was used as a probe to screen for overlapping
clones from a human fetal liver cDNA library (Fig. 1A). A
3.5-kb cDNA was assembled from overlapping clones
that has a single ORF encoding 977 amino acid residues
with a predicted molecular mass of 110 kD (Fig. 1C). One
clone had a 106-bp putative 5'-untranslated region that
did not contain either an ATG codon or an in frame
termination codon upstream of the ATG codon having a
favorable sequence context (CGCCATGCC) to serve as
an initiation codon (Kozak 1987). In addition, immedi-
ately following the putative initiation codon was a se-
guence of residues that are predicted to serve as a signal
peptide, having positively charged residues at the ex-
treme amino-terminus followed by a core of hydrophobic
residues and then turn-inducing residues (Pro and Gly)
(Nielsen et al. 1997). We predict that signal cleavage oc-
curs after Gly18. Finally, one clone (13-1) was identified
that contained a 3’-untranslated region of 598 bp that
contained multiple translation termination codons in all
reading frames but did not contain a conserved polyade-
nylation signal, suggesting additional sequence exists
within the 3'-untranslated region of the mRNA. On the
basis of these observations, we believe that we have
cloned the intact coding region for this putative kinase.

A hydropathy plot of the deduced amino acid sequence
revealed that it contained two stretches of hydrophobic
residues: a leucine rich motif close to the amino termi-
nus that could function as a signal sequence and a
stretch of 21 consecutive hydrophobic residues lying ap-
proximately in the middle of the molecule that could
provide a transmembrane domain. This suggested that
the putative protein is a type 1 transmembrane protein
with the kinase domain in the carboxyl terminus and
with a single potential N-linked glycosylation site (Asn-
Ala-Thr) in the luminal domain at residue 176 (Fig. 1B).

Searches of the protein sequence database suggested
that the carboxy-terminal half of the protein could be
divided into three domains, a linker region, the putative
Ser/Thr protein kinase domain, and an RNase L-like do-
main homologous to 2’-5’ oligo (A)-dependent ribonucle-
ase (Fig. 1B). The linker region is unique to the human
protein and contains two subdomains rich in glutamine
and serine residues, respectively. In contrast, the kinase
domain displays high homology with both that of S. cer-
evisiae Irelp and its putative counterpart from C. el-
egans, having conserved all 12 invariant residues that are
present within the protein kinase superfamily (Fig. 1C;
Hanks and Hunter 1995). The similarity among these
three proteins also extends to the very carboxy-terminal
RNase L domain (Fig. 1C; Zhou et al. 1993). The cyto-
plasmic domain of hlrelp, as well as its putative coun-
terpart from C. elegans, do differ from yeast Irelp in that
they do not contain a potential nuclear localization sig-
nal and also lack an insertion of 30 hydrophilic amino
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Figure 1. Structure and amino acid sequence analysis of hlrelp. (A) Alignment and restriction map of overlapping complementary
DNAs encoding human Irelp. RH3 was the primary probe used to screen a human fetal liver cDNA library to obtain cDNA clones
3-1-1, 3-1.2, 8-1, 9-1,13-1, and 17-1. F14 was a 5' RACE-PCR product amplified from RNA isolated from the human hepatoma cell line
HepG2. The open bar represents the predicted ORF coding for hlrelp. (B) Domain organization of hirelp. (Solid box) Potential signal
sequence; (¥) potential N-linked glycosylation site; (TM) a putative transmembrane region; (Linker) a region having no homology to
known proteins; (S/T kinase) catalytic domain of Ser/Thr protein kinase; (RNase L) a domain having high homology to 2-5 oligo-
(A)-dependent RNase. Percent identity to the corresponding domains of S. cerevisiae and C. elegans is indicated. (C) (H.s.) Amino acid
sequence alignment of human Irelp, (S.c.) S. cerevisiae Irelp and (C.e.) its putative homologous protein from C. elegans. (Open boxes)
The identical sequence; (shaded boxes) conserved residues; (dashes) gaps between residues to obtain maximum matching. Numbers are
the position of the last amino acid. (V) Potential signal peptide cleavage site; (®) invariant residues in protein Kinase domain; (*)
invariant Lys599 residue in kinase subdomain Il. The glutamine rich cluster () and the serine rich cluster (1) in the linker region are

also identified.

acids between conserved kinase subdomains VIII and 1X
(Mori et al. 1993). In contrast, the amino-terminal half of
the protein was less conserved with the C. elegans pro-
tein and displayed no significant similarity with S. cer-
evisiae Irelp. On the basis of the homologies within the
cytoplasmic domain, we refer to this putative human
protein as human Irelp (hlrelp).

hIRE1 is constitutively expressed in all tissues

The expression of endogenous hIRE1 was studied by
Northern blot hybridization to *?P-labeled cDNA probes
corresponding to either the luminal domain or the cyto-
plasmic domain of hirelp. The hybridization patterns
with these two probes were identical (Fig. 2). hIRE1 was
ubiquitously expressed at low levels as detected by a
single species of MRNA migrating at [B kb in all tissues
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examined. On the basis of the size of endogenous hIRE1
MRNA together with its predicted translation product,
we suggest that hIREL mRNA contains a long, 4 kb,
3’-untranslated region. Interestingly, the hIRE1 mRNA
was most abundant in pancreatic tissue, suggesting that
hirelp might play a significant role in this particular
organ.

hirelp displays kinase activity that is required
to down-regulate its synthesis

To examine the biochemical properties of hlrelp, anti-
bodies were raised in mice immunized with a GST-
hlrelp fusion protein. Although this polyclonal antibody
reacted with the antigen against which it was raised, the
antibody did not detect endogenous Irelp on immuno-
precipitation from several human cell lines, suggesting
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Figure 2. hIRE1 is ubiquitously expressed in human tissues.
Northern blot analysis of poly(A)" RNA isolated from various
human tissues (Clontech) by hybridization with 32P-labeled-
cDNA probes corresponding to the hIRE1 luminal domain, the
hIRE1 cytoplasmic domain, or human B-actin cDNA. Exposure
of the Irel autoradiograph was 24-fold longer than that of -
actin.
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that the level of endogenous hirelp is extremely low
(data not shown). To obtain sufficient amount of protein
for characterization, hlrelp was overexpressed in COS-1
monkey cells by transient DNA transfection of the
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cDNA cloned in the expression vector pED (Kaufman et
al. 1991). In addition, an expression vector encoding a
kinase defective hIRE1 mutant was constructed in
which the conserved lysine at residue 599 in the putative
ATP binding site was substituted by alanine (pED-hIRE1
K599A) (Hanks and Quinn 1991). The expression of these
proteins was monitored by immunoprecipitation of cell
extracts from [**S]methionine and cysteine pulse-labeled
cells by use of a-hlrelp antibody. As expected, both wild-
type and K599A mutant hlrelp were expressed as 110-
kD proteins (Fig. 3A). This protein product was not de-
tected from mock-transfected cells or from pED vector-
transfected cells (Fig. 3A; data not shown). Interestingly,
the level of mutant K599A hirelp synthesis in trans-
fected COS-1 cells was 116 times higher than that of the
wild-type hirelp. The difference between wild-type and
mutant hlrelp expression was not attributable to differ-
ences in transfection efficiency (determined by immuno-
fluorescence) and different independent isolates of both
plasmid DNAs yielded similar results. The increased
synthesis of mutant hirelp could account for the in-
creased steady state level ((1LO-fold from Fig. 3D), sug-
gesting there is no significant difference in the rate of
degradation.

The difference in the expression level between wild-
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Figure 3. Overexpression of hlrelp in transiently transfected COS-1 monkey cells. (A) hirelp expression in transfected COS-1 cells.
COS-1 cells were transiently transfected with or without expression plasmids encoding wild-type hirelp (pED-hIRE1) or its kinase
defective mutant (pED-hIRE1 K599A). Transfected cells were pulse labeled with [*°S]-methionine and cysteine for 15 min. Cell
extracts were prepared and equal amounts were immunoprecipitated with a-hlrelp antibodies and analyzed by SDS-PAGE and
autoradiography. (B) Expression of elF-2a in cotransfected cells. COS-1 cells were mock transfected (lane 1) or cotransfected with
pED-elF-2a in the presence of pED (lane 2), pED-hIREL (lane 3), or pED-hIRE1 K599A (lane 4). The cells were pulse-labeled with
[°SJmethionine and cysteine for 15 min. Cell extracts were prepared and equal cpm of radiolabeled protein were analyzed directly by
SDS-PAGE and autoradiography. (C) Functional hlrelp limits accumulation of hIREL mRNA. Total RNA was isolated from COS-1
cells transfected with pED, pED-hIRE1L, or pED-hIRE1 K599A plasmid and treated in the presence (+) or absence (-) of cycloheximide.
RNA samples (10 pg) were resolved in a formaldehyde-agarose gel, blotted onto nylon membrane, and hybridized with 32P-labeled
hIRE1 cDNA probe. (Arrow) The hIRE1 transcript. (D) hlrelp has intrinsic Kinase activity. Wild-type or K599A mutant hlrelp was
immunoprecipitated from transiently transfected COS-1 cells. (Mock) Cells that did not receive plasmid DNA. The proteins were
incubated in kinase buffer in the presence of [y->2PJATP at 30°C for 40 min. The proteins were resolved by SDS-PAGE and transferred
to a nitrocellulose membrane. (Top) Incorporation of [*2P]phosphate into hirelp determined by autoradiography; (bottom panel) the
Irelp protein level determined by estern blot analysis by use of a-hlrelp antibodies and alkaline phosphatase staining. The amount of
K599A mutant hirelp loaded onto the gel is one-third the amount of the immunoprecipitated proteins loaded for lanes 1 and 2.
Therefore, the amount of steady-state K599A mutant hirelp is [110-fold greater than the wild-type hirelp.
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type and the K599A mutant Irelp protein in transfected
COS-1 cells (Fig. 3A) lead to a speculation that hirelp
might autoregulate its expression. Alternatively, overex-
pression of wild-type hilrelp may inhibit general expres-
sion in the subpopulation of transiently transfected cells
caused by a general toxicity. To address this possibility,
COS-1 cells were cotransfected with another marker
gene encoding the eukaryotic translation initiation fac-
tor elF-2a subunit (pED-elF-2a) with either pED-hIRE1
or pED-hIRE1 K599A. The transfected cells were meta-
bolically pulse labeled with [**SJmethionine and cys-
teine and protein synthesis was analyzed by SDS-PAGE
of total cell extract samples. The presence of either
hirelp or its mutant (K599A) had no effect on the syn-
thesis of elF-2a, suggesting that wild-type hlrelp over-
expression is not toxic and does not inhibit global gene
expression in the transfected cells (Fig. 3B; cf. lane 3 and
lanes 2 and 4).

To further investigate the mechanism for the reduced
expression of wild-type hirelp, we analyzed the level
of plasmid derived hIREL mRNA from COS-1 trans-
fected cells. Total RNA was prepared from COS-1 cells
transfected with pED, pED-hIREL or pED-hIRE1 K599A
and treated in the presence or absence of cycloheximide
for 12 hr before harvesting RNA. Northern blot hybrid-
ization demonstrated that the level of hIRE1 K599A
MRNA was 10 times higher than the wild-type hIRE1
mMRNA derived from the transfected DNA (Fig. 3C). In-
hibition of protein synthesis by cyclohexamide had no
effect on the steady-state level of these mMRNAs, suggest-
ing that ongoing protein synthesis is not required to
down-regulate hIREL1 mRNA. Taken together, we con-
clude that functional hlrelp down-regulates its own ex-
pression at the level of mMRNA production and/or stabil-
ity.

The deduced amino acid sequence of hlrelp suggested
the presence of an intact catalytic Ser/Thr protein kinase
domain. To demonstrate functional activity of the ki-
nase, the capability for autophosphorylation was mea-
sured, because this activity correlates with the func-
tional activity of yeast Irelp (Welihinda and Kaufman
1996). The wild-type and mutant K599A hlrelp were im-
munoprecipitated from transfected COS-1 cells and in-
cubated in kinase buffer with [y*?P]JATP. The proteins
were then resolved by SDS-PAGE and transferred onto a
nitrocellulose membrane prior to autoradiography and
probing with a-hlrelp antibody. The wild-type hlrelp
was efficiently autophosphorylated (Fig. 3D). The phos-
phorylation resulted in a slightly slower mobility as de-
termined by Western blotting. Substitution of the con-
served lysine residue in the putative ATP binding pocket
with alanine significantly reduced the phosphorylation
detected, especially when corrected for the greater
amount of protein immunoprecipitated (Fig. 3D, cf. lanes
2 and 3). The low level of phosphorylation of this mutant
Irelp may result from either the presence of endogenous
COS-1 cell-derived Irelp or another kinase(s) in the im-
munoprecipitation reaction. Taken together, we con-
clude that hlrelp displays an intrinsic protein kinase ac-
tivity.
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hirelp is a bifunctional enzyme having
an endoribonuclease activity specific to yeast
HAC1 mRNA

Sidrauski and Walter (1997) recently demonstrated that
the cytoplasmic domain of yeast Irelp exhibits a site-
specific endoribonuclease activity capable of cleaving
HAC1 mRNA at both the 5’ and 3’ splice site junctions
in vitro. The proposed catalytic domain of RNase L dis-
plays greater sequence similarity to hirelp than to the
yeast Irelp. This led to the hypothesis that hlrelp might
exhibit a similar endoribonuclease activity and may be
able to catalyze the same specific RNA cleavage as ob-
served for yeast Irelp. Because the identity of the mam-
malian HAC1 homolog is unknown, we determined
whether yeast HAC1 mRNA could serve as a substrate
to test for an endoribonuclease activity of hirelp. A 550-
nucleotide substrate derived from S. cerevisiae HAC1
mMRNA that contained both the 5’ and 3’ splice site junc-
tions was synthesized in vitro. Incubation of this sub-
strate in the presence of a GST-yeast Irelp fusion protein
simultaneously cleaved the HAC1 mRNA substrate at
the 5" and 3’ splice site junctions, as shown previously
by Sidrauski and Walter (1997). The cleavage generated
three species of RNA products (corresponding to a 224-
nucleotide 5’ exon, a 252-nucleotide intron, and a 74-
nucleotide 3’ exon) and two intermediates (correspond-
ing to a 476-nucleotide 5’ exon/intron and a 326-nucleo-
tide intron/3’exon) (Fig. 4A, lanes 3,4). The cleavage was
not observed in the absence of GST-Irelp, or with con-
trol GST protein alone (Fig. 4A, lanes 1,2). Surprisingly,
hirelp isolated by immunoprecipitation from trans-
fected COS-1 cells that over-express hlrelp was able to
catalyze cleavage; however, only two species of RNA
products were observed in this reaction (Fig. 4A, lanes
8,9). The two products appeared to be the same size as
those derived from GST-yeast Irelp-mediated cleavage
at only the 5’ splice site junction (representing the 224-
nucleotide 5 exon and the 326-nucleotide intron/
3’exon). Prolonged incubation of the substrate wit hilrelp
did not generate the intron or the 3’ exon fragments (data
not shown). In contrast, no cleavage was observed when
the mutant K599A hlirelp was substituted for hlrelp (Fig.
4A, lanes 6,7). Taken together, we conclude that hlrelp
exhibits endoribonuclease activity and its intrinsic ki-
nase activity is required to elicit the endoribonuclease
activity.

To precisely map the hlrelp cleavage site in HAC1
MRNA, primer extension analysis was performed. An
antisense oligonucleotide complementary to the HAC1
intron was used to reverse transcribe HAC1 mRNA
cleaved by either Escherichia coli expressed GST-yeast
Irelp or hlrelp expressed and immunoprecipitated from
transfected COS-1 cells. The same primer was also used
to determine the nucleotide sequence of the HAC1 gene
(Fig. 4B). The length of primer-extended products de-
rived from HAC1 mRNA cleaved with GST-ylrelp and
hirelp were identical, indicating that both GST-yeast
Irelp and hirelp cleave HAC1 mRNA at the same posi-
tion at the predicted 5'exon/intron junction (Fig. 4B,
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Figure 4. hlrelp is a site-specific endori-
bonuclease. (A) In vitro cleavage of yeast
HAC1 mRNA by hlrelp. An in vitro-tran-
scribed 3?P-labeled HAC1 mRNA was in-
cubated with E. coli-expressed GST or
GST-Irelp adsorbed to glutathione beads
or with COS-1 cell-expressed hirelp or
hirelp K599A protein adsorbed to protein
A-Sepharose beads. After the indicated pe-
riod of time, the cleavage products were
analyzed by electrophoresis on a 5% dena-
turing polyacrylamide gel. Schemes on the
left depict the predicted cleavage products.
Numbers at right indicate predicted base
pair size of RNA products expected based
on yeast HAC1 mRNA cleavage by yeast
Irelp (Sidrauski and Walter 1997). (B)
hirelp cleaves yeast HAC1 mRNA at resi-
due G661. The HAC1 RNA cleavage site
was mapped using in vitro-transcribed
HAC1ImRNA after incubation with
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GST,GST-Irelp, hirelp, or hlrelp K599A as described in A. The products were reverse transcribed with Superscript Il Reverse
Transcriptase (Bethesda Research Labs) by use of oligonucleotide primer complementary to the intron of HAC1 RNA. Sequencing
ladders on the left represent HAC1 DNA sequence determined with the same primer. (Arrow) Position of primer extended products.

cf. lanes 2 and 4). Comparison of these two extended
products with the HAC1 DNA sequence ladder indi-
cated that they both were terminated after the guanine
at residue 661. In contrast, this primer-extended pro-
duct was not observed in the reverse transcription
reactions of HAC1 mRNA incubated with control GST
from E. coli or with control immunoprecipitated protein
from either pED-hIRE1 K599A- or mock-transfected
cells.

hirelp is an ER membrane protein preferentially
localized to the nuclear envelope

ER resident glycoproteins that do not transit to the Golgi
complex have high mannose-containing oligosaccharides
that are sensitive to digestion by endoglycosidase H. The
presence of a single potential amino-linked glycosylation
site in the amino-terminal domain of hlrelp was used to
determine the subcellular localization of hirelp. hlrelp
immunoprecipitated from extracts prepared from meta-
bolically labeled transfected cells treated with tunicamy-
cin, a drug that inhibits addition of N-linked core oligo-
saccharides, displayed a slightly reduced molecular mass
compared with Irelp isolated from untreated cells, sug-
gesting the absence of the single N-linked core oligosac-
charide (Fig. 5; cf. lanes 1 and 2). Treatment of immuno-
precipitated hlrelp with endoglycosidase H decreased
the molecular mass of the labeled hirelp to that compa-
rable with unglycosylated hlrelp isolated from tunica-
mycin treated cells (Fig. 5, cf. lanes 2 and 4). In addition,
deletion of the carboxy-terminal 462 amino acid residues
(the putative cytosolic domain) generated a protein that
contained an N-linked oligosaccharide (data not shown).
These results support localization of hirelp to the ER,
which is consistent with the predicted topology of hlrelp

having its amino termini in the ER lumen, similar to
yeast Irelp (Mori et al. 1993).

Confocal laser-scanning immunofluorescence micros-
copy was used to identify the hlrelp subcellular local-
ization. COS-1 cells were transiently transfected with
the wild-type hIRE1 expression plasmid and cells were
double labeled with mouse antibody specific to hirelp
and rabbit antibody specific to GRP94, a resident protein
of the ER. The immune complexes were visualized by
secondary antibody conjugated with fluorescein isothio-
cyanate (FITC) or rhodamine, respectively (Fig. 6A). It
was not possible to detect staining of hirelp in nontrans-
fected cells, possibly because of its low level of expres-
sion. In contrast, wild-type hirelp was detected in trans-
fected cells as perinuclear fluorescence and appeared
similar to the fluorescence pattern observed for endog-
enous GRP94. Although the fluorescence patterns of the
two proteins were similar, analysis of the merged images
suggested that hlrelp was preferentially localized close
to the nuclear membrane. Significantly greater staining
was observed in cells transfected with the hIRE1 mutant
K599A expression plasmid, consistent with its greater
level of expression (Fig. 6B). The mutant hlrelp protein
was also preferentially localized to the perinuclear re-
gion indicating that the kinase activity is not required
for this localization. To determine if hlrelp was local-
ized to the nuclear envelope, the fluorescence pattern of
wild-type hlrelp was compared with that of endogenous
RanGAP1 protein, a component of the nuclear pore com-
plex (Mahajan et al. 1997). Unlike hlrelp, which was
localized to the ER membrane throughout the cyto-
plasm, RanGAP1 protein exhibited a specific nuclear rim
fluorescence staining pattern. Interestingly, when the
two fluorescence images were merged, a subpopulation
of hirelp colocalized with the nuclear pore complex pro-
tein RanGAP1 (Fig. 6C).
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Figure 5. hlrelp contains high-mannose core oligosaccharides.
Transfected COS-1 cells that overexpress hirelp were pulse la-
beled with [3°*S]methionine and cysteine for 15 min in the pres-
ence (lane 2) or absence (lane 1) of tunicamycin and cell extracts
were prepared. In parallel, cells pulse labeled 15 min in the
absence of tunicamycin were incubated 3 hr in medium con-
taining excess unlabeled methionine and cysteine before har-
vesting cell extracts. The **Slabeled hirelp was immunoprecipi-
tated from cell extracts and analyzed by SDS-PAGE. Prior to
SDS-PAGE, immunoprecipitated samples were incubated in the
absence (lanes 1-3) or presence (lane 4) of endoglycosidase H.

Overexpression of kinase-defective K599A hlrelp
blocks the unfolded protein response in mammalian
cells

The previous data demonstrate that hirelp displays sev-
eral features similar to those of S. cerevisiae Irelp. To
directly test whether hirelp plays an essential role in the
UPR in mammalian cells, a mammalian reporter plas-
mid was constructed by inserting a 0.5-kb fragment of
the rat BiP promoter, including the cis-acting element
capable of mediating the UPR (Chang et al. 1987), up-
stream from a luciferase-coding region. The UPR re-
porter plasmid was cotransfected with either wild-type
or the mutant K599A hirelp expression vectors into
COS-1 cells. The luciferase activity reflects the activa-
tion of the UPR in these cells. Luciferase activity was
detected in extracts from cells transfected with the re-
porter plasmid alone and this activity was further in-
creased threefold by treatment of the cells with tunica-
mycin (Fig. 7). Cotransfection of the reporter plasmid
with pED-hIRE1 K599A prevented induction of the UPR
on tunicamycin (Tm) treatment. The inability to elicit
the response suggests that the mutant hirelp can act as
a trans-dominant-negative kinase to down-regulate en-
dogenous Irelp. In contrast, overexpression of wild-type
hirelp caused constitutive induction of the UPR that
was not further increased by treatment with tunicamy-
cin. These results are consistent with those reported pre-
viously for expression of yeast Irelp in S. cerevisiae
(Mori et al. 1993; Shamu and Walter 1996) and support
the conclusion that hirelp is a proximal sensor of the
UPR pathway in mammalian cells.

Discussion

We have identified and characterized a gene product,
hirelp, that we propose functions as the proximal sensor
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for the mammalian UPR. The following criteria support
that hlrelp is a functional human homolog of the yeast
Irelp. First, hlrelp and yeast Irelp are both type 1 trans-
membrane proteins in which the carboxy-terminal do-
mains are 34% identical at the amino acid level. Al-
though the amino-terminal halves of these two proteins
have extensively diverged, the amino-terminal half of
hirelp is 37% identical to a C. elegans putative gene
product having a similar domain organization as hirelp.
The cytoplasmic domain of hlrelp contains all the con-
served subdomains present in Ser/Thr protein Kinases
and a carboxy-terminal tail that displays greater homol-
ogy to human RNase L than S. cerevisiae Irelp. Second,
hirelp displayed both intrinsic kinase activity measured
by autophosphorylation capability and an endoribo-
nuclease activity that specifically cleaved the 5’ splice
site of S. cerevisiae HAC1 mRNA at the same nucleo-
tide, guanine 661, as the S. cerevisiae Irelp. Third, over-
expressed hlrelp was specifically localized to the ER,
with particular concentration around the nuclear enve-
lope. Fourth, overexpression of wild-type hlrelp consti-
tutively activated a marker gene under control of the rat
BiP promoter. Finally, overexpression of a catalytically
inactive kinase mutant K599A completely prevented in-
duction by tunicamycin, a treatment that promotes ac-
cumulation of unfolded protein in the ER. Although
hirelp can directly elicit a signal cascade to result in
activation of the BiP promoter, we do not know whether
there are additional components that either function in
parallel to, or in concert with, hirelp. For example, there
may be different Irelp homologs that respond to different
stimuli within the ER. A search of the human genbank
identified a 400-nucleotide expressed sequence tag that
has extensive homology to hlrelp in the RNase L do-
main. Further studies are required to elucidate wheher
this encodes another Irelp homolog. In this respect, it is
interesting that the human and yeast Irelp genes have
extensively diverged in their luminal domains. This
might suggest that the ligands responsible for activation
of the S. cerevisiae and human kinases are not con-
served. The extensive homology over their cytoplasmic
domains and the ability of hlrelp to specifically cleave
the 5’ splice site of S. cerevisiae HAC1 mRNA indicates
that the downstream events in signaling from Irelp in
human and yeast are very conserved and likely function
in a mechanistically similar manner. These observations
strongly support the existence of a similar unique splic-
ing reaction that will be specific to substrates, including
a possible HAC1 mRNA homolog, in mammalian cells.

hirelp has an intrinsic autophosphorylation and en-
doribonuclease activity. Previous studies on the yeast
Irelp demonstrated that the endoribonuclease activity
required an adenine nucleotide as a cofactor. Because a
nonhydrolyzable analog AMP-PNP and ADP stimulated
the activity as well as ATP, it was concluded that the
endoribonuclease activity of yeast Irelp did not require
the kinase activity. We demonstrated that mutant
K599A hlrelp had defective kinase activity as well as
endoribonuclease activity, suggesting that autophos-
phorylation is required to elicit the endoribonuclease ac-
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Figure 6. Confocal laser scanning fluorescence microscopy
of hlrelp expressed in COS-1 cells. The subcellular local-
ization of hlrelp in transfected COS-1 cells was determined
by immunofluorescence with mouse o-hlrelp. (A) COS-1
cells transfected with wild-type, or (B) K599A mutant IRE1
expression plasmids were double labeled with mouse «-
hlrelp and rabbit «-GRP94. (C) COS-1 cells transfected with
wild-type IRE1 expression plasmid were double labeled
with mouse a-hlrelp and guinea pig a-RanGAPL1. Secondary
antibodies used were either rhodamine-conjugated goat o-
rabbit or rhodamine-conjugated goat «-guinea pig (red) in
the presence of fluorescein-conjugated goat a-mouse (green).
The images were merged where colocalization is shown in
yellow. Cells were viewed and digitally photographed with
a Bio-Rad confocal fluorescence microscope. Bar, 25 pm.
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Figure 7. hlrelp-dependent induction of UPR in mammalian
cells. The activation of the unfolded protein response was mea-
sured by cotransfection of COS-1 cells with a luciferase reporter
plasmid under the control of the rat BiP promoter, RSV-3-gal
and either pED-hIREL or pED-hIRE1 K599A plasmid DNAs. At
60 hr post-transfection, the cells were treated with 10 pg/ml
tunicamycin for 6 hr. The luciferase activity was determined
from triplicate independent transfection experiments and was
normalized to B-galactosidase activity to correct for transfec-
tion efficiency.

tivity, possibly by phosphorylation of residues within its
endoribonuclease domain. It is possible that the GST-
Irelp fusion protein studied by Sidrauski and Walter
(1997) was autophosphorylated on expression as a di-
meric protein in E. coli. We propose that the hirelp en-
doribonuclease activity requires autophosphorylation as
well as an adenine nucleotide. However, at present we
cannot rule out that the K599A mutant Irelp is defective
in endoribonuclease activity as a consequence of altered
nucleotide binding, and not necessarily the result of a
requirement for autophosphorylation. hlrelp was able to
cleave the yeast HAC1 mRNA substrate at the identical
5’ splice site as yeast Irelp. However, our primer exten-
sion analysis identified the 5’ cleavage site was after gua-
nine 661, in contrast to previous primer extension analy-
sis that identified cytosine 660 as the 5’ cleavage site
(Sidrauski and Walter 1997), but consistent with the re-
cent characterization of in vivo spliced products derived
from mutated templates (Kawahara et al. 1998). Whereas
our primer extension analysis was compared with DNA
sequencing ladder derived from a reaction by use of the
same primer for extension, Sidrauski and Walter (1997)
used a different primer and this may explain the discrep-
ancy. Although hlrelp efficiently cleaved the 5’ splice
site of yeast HAC1 mRNA, there was no detectable
cleavage at the 3’ splice site. This is consistent with our
observations that hlrelp was not able to complement S.
cerevisiae deleted of IRE1 (data not shown). The com-
plete cleavage of HAC1 mRNA at both splice sites is
required for the UPR function in yeast (Sidrauski and
Walter 1997; Kawahara et al 1998). The inability for
hirelp to cleave the yeast HAC1 mRNA 3’ splice site
was surprising because Kawahara et al. (1998) recently
demonstrated that the sequence requirements for the 5’
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and 3’ splice site cleavages within HAC1 mRNA by
yeast Irelp are remarkably similar. However, there were
a couple of nucleotide differences in cleavage specificity
identified between the 5’ and 3’ splice sites, particularly
the +1 position and the +5 position with respect to the
site of cleavage. Therefore, the hlrelp cleavage specific-
ity for the 3’ splice site may have diverged from the yeast
Irelp. Alternatively, there may be another homolog of
hirelp that displays a different cleavage specificity re-
stricted to the 3’ splice site of a human HAC1 mRNA
homolog, and the two nucleolytic events required to re-
lease the intron may require a heterodimer, of which
each subunit has unique specificity to catalyze cleavage
at either the 5’ or 3’ splice site. This latter possibility is
observed in the cleavage specificity of yeast tRNA endo-
nuclease, in which two subunits are required, each hav-
ing its own active site that recognizes either the 5’ or 3’
splice site of precursor tRNA molecules (Trotta et al.
1997).

Expression of wild-type hirelp was [116-fold reduced
compared with K599A catalytically inactive mutant
hirelp. The reduced expression of the wild-type kinase
was not the result of a general toxicity or transcriptional
inhibition specific to the promoter used in the expres-
sion vector, because expression of a cotransfected cDNA,
elF-2a, contained within the same expression vector was
not reduced in the presence of the wild-type hlrelp Ki-
nase expression vector. Analysis of MRNA demonstrated
that the wild-type kinase also had a corresponding de-
crease in the steady state level of mMRNA compared with
the mMRNA encoding the K599A mutant Irelp. Because
the K599A mutant hIRE1L mRNA had only 2 base
changes compared with the wild-type hIREL mRNA, we
expect that the reduced steady-state level of hIRE1l
mMRNA is a consequence of activated hlrelp kinase ac-
tivity. Itis possible that the expression of wild-type Irelp
is limited because of a specific autoregulatory process in
which the endoribonuclease activity of activated Irelp
cleaves its own mRNA, resulting in its degradation. Ex-
periments are presently in progress to test this intriguing
hypothesis. The specific feedback on hIRE1 mRNA sug-
gests that the biosynthesis of hirelp is tightly controlled.
Stringent regulation of Irelp synthesis may be necessary
for cell survival as overproduction of Irelp leads to con-
stant activation of the UPR pathway and retardation of
cell growth (Shamu and Walter 1996).

Although the extremely low levels of endogenous
Irelp precluded its direct visualization in mammalian
cells, interestingly overexpressed wild-type Irelp was
preferentially localized to a subcompartment within the
ER, with particular concentration around the nuclear en-
velope. In addition, a portion of hilrelp was colocalized
with RanGAP1, a protein associated with the nuclear
pore complex. This raises the intriguing possibility that
hirelp might be a component of the nuclear pore com-
plex. This localization would be ideal if hlrelp-depen-
dent RNA splicing is coupled with nucleocytoplasmic
transport of substrate RNA molecules. In S. cerevisiae,
the tRNA ligase, Rlglp, mediates ligation of the HAC1
MRNA cleaved substrate (Sidrauski et al. 1997) and is



also localized to the nucleoplasmic side of the nuclear
pore (Simos et al. 1996).

Induction of glucose regulated proteins (GRPs), includ-
ing BiP and GRP94, protects cells from death induced by
calcium release from the ER (Morris et al. 1997), oxida-
tive stress (Gomer et al. 1991), and anticancer treatments
such as adriamycin and topoisomerase inhibitors (Shen
etal. 1987; Hughes et al. 1989). Conversely, inhibition of
GRP induction increases sensitivity to death in response
to calcium release from the ER (Li et al. 1991, 1992),
oxidative stress (Gomer et al. 1991), hypoxia (Koong et
al. 1994b), and T cell mediated cytotoxicity (Sugawara et
al. 1993). Therefore, elucidating the signaling mecha-
nism(s) by which cells respond to ER stress may have
important therapeutic implications. The remarkable
conservation between yeast Irelp and hlrelp functional
activities suggests the existence of a human homolog to
yeast HACL1 that may exhibit selective mRNA cleavage
and ligation by a human homolog of S. cerevisiae tRNA
ligase gene RLG1. Furthermore, additional components
of this pathway may also be conserved. For example, in
S. cerevisiae the transcriptional coactivator complex
having histone acetyltransferase activity composed of
Gcenbp, Adazp, and Ada3p is required for maximal tran-
scriptional induction of the KAR2 promoter (Welihinda
et al. 1997). In addition, Ada5p, another component of
this complex, is absolutely required to elicit the UPR
(Welihinda et al. 1997). An interaction between Gcn5p
and Irelp was demonstrated (Welihinda et al. 1997) and
suggests that the nucleoplasmic domain of Irelp, local-
ized to the nuclear envelope, may serve as a nucleation
site for assembly of a multisubunit transcriptional acti-
vator complex required for transcriptional activation of
genes under control of the UPRE. Human homologs for
several of these transcriptional coactivator gene products
have been identified (Candau et al. 1996), and it is likely
that these products also participate in transcriptional ac-
tivation of the ER stress-responsive genes in higher eu-
karyotes. In addition, we have recently described a Ser/
Thr protein phosphatase of the PP2C gene family that is
required to turn off activated Irelp signaling in response
to unfolded protein (Welihinda et al. 1998). Future stud-
ies should elucidate the existence of additional mamma-
lian counterparts also involved in the UPR signaling
pathway that may provide specific targets for pharmaco-
logical intervention in different disease states.

Materials and methods
Cloning of human IRE1 cDNA

A degenerate antisense oligonucleotide [5'-(TC)TT(AG)CTI-
T(AG)ICC(AG)AA(AG)TCIG(AT)IAT 3'] was designed from the
conserved amino acid sequence in kinase subdomain VIl (ISD-
FGLCK) between S. cerevisiae IRE1/ERN1 and its putative ho-
molog from C. elegans. Inosine was incorporated into positions
to minimize degeneracy and improve stability upon hybridiza-
tion (Sambrook et al. 1989). This primer and a \gt10-specific
primer were used to amplify sequences from a human fetal liver
cDNA library (Clontech). Total PCR products were ligated into
the TA cloning vector (Invitrogen) and transformed into E. coli
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DH5a. A candidate clone, RH3, that showed highest homology
to the yeast IRE1 and its counterpart gene in C. elegans was
subsequently used to screen the Agt10 human fetal liver cDNA
library by standard procedures (Sambrook et al. 1989). The 5’
end of the hIRE1 (F14) was obtained by 5 RACE PCR (Bethesda
Research Labs) by use of template RNA isolated from the hu-
man hepatoma cell line HepG2. Each cDNA fragment was sub-
cloned into pBluescript Il SK(-) plasmid (Stratagene) at the
EcoRlI site. All cDNA fragments were sequenced from both di-
rections by the dideoxynucleotide sequencing method (Se-
quenase, Amersham).

pBluescript-13-1 is a recombinant plasmid containing the
largest ORF of hlrelp but lacking the 5'-end fragment. To as-
semble the full-length hIRE1 cDNA, the 0.3-kb PCR product
including the initiator methionine was amplified from pBlue-
script-F14 by use of two primers: 1058G (5'-GCTCTAGAAC-
CATGCCGGCCCGGCGGCT-3') and 865G (5'-AGGCTGC-
CATCATTAGGATCT-3') and Vent DNA polymerase (New
England Biolabs). The 0.3-kb PCR product was introduced into
clone 17-1 by overlap-extension PCR by use of two primers:
1058G and 9241B (5'-CATTGATGTGCATCACCTTCCTC-3')
toyield a 0.7-kb PCR product. The 0.7-kb fragment was digested
with Xbal, located upstream to the first ATG introduced by
PCR, and BamH]I. The fragment was ligated to pBluescript-17-1
at the same restriction endonuclease sites to yield pBluescript-
17-1/5'. The 0.9-kb Xbal-Sacll fragment from pBluescript-17-
1/5" was ligated to pBluescript-13-1 at the same sites to yield
pBluescript-hIRE1. The 3.5-kb Xbal-EcoRIl hIRE1 cDNA was
subcloned into the Xbal site of the mammalian expression vec-
tor, pED (pEDAC) (Kaufman et al. 1991) to yield pED-hIRE1.

Site-directed mutagenesis

The conserved lysine residue at position 599 in kinase subdo-
main Il was mutated by a PCR-based method by use of Vent
DNA polymerase (New England Biolabs). The Mstl and Pvul
fragment from pED-hIRE1 was replaced with the homologous
fragment containing mutated sequence (AAG - GCG) to yield
pED-hIRE1 K599A. The mutation was confirmed by DNA se-
quencing.

Antibody production

The 1.6-kb cDNA encoding the entire cytoplasmic domain of
hirelp (amino acid residues 460-977) was generated by PCR
amplification by use of primer 168G (5'-CGGAATTCAT-
CACCTATCCCCTGAGCATG-3'), 169G (5'-CGGAATTCT-
CAGAGGGCGTCTGGAGTCA-3'), and Vent DNA polymer-
ase (New England Biolabs). To make GST-hlrelp fusion protein,
the PCR product was inserted in-frame into pGEX-1yT (Phar-
macia) at the EcoRlI site and then transformed into E. coli DH5a.
The fusion protein was produced and purified as described by
Frangioni and Neel (1993) except that the induction was per-
formed at 30°C. The purified GST-cytoplasmic hlrelp fusion
protein was repeatedly injected into mice as described by Har-
low and Lane (1988). Sera collected from tail bleed was used for
determining the titer by Western blot analysis. When optimal
titer was obtained, the mice were injected with the sarcoma cell
line S180 to induce ascites fluid that was directly used (Harlow
and Lane 1988).

Transient DNA transfection and analysis

COS-1 monkey cells were transfected as described previously
(Kaufman 1997). Briefly, cells were plated the day before trans-
fection. Cells were transfected with 2 pg/ml of pED-hIREL or
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pED-hIRE1 K599A plasmid DNA by the diethylaminoethyl-
dextran method for 6 hr. The cells were fed with fresh medium
at 36 hr post-transfection. Total cell extract was prepared from
the transfected cells at 60 hr post-transfection by use of NP-40
lysis buffer (1% NP-40, 50 mm Tris-HCI at pH 7.5, 150 mm
NaCl, 0.05% SDS) supplemented with 1 mm PMSF, 40 pg/ml
aprotinin, and 20 pg/ml leupeptin. For metabolic labeling (un-
less otherwise specified), the transfected cells were labeled with
[*°S]methionine and cysteine (1000 Ci/mmole, Amersham
Corp.) for 15 min before harvesting cells. For immunoprecipi-
tation, cell extract was preabsorbed with protein A Sepharose.
The precleared lysate was subsequently incubated with o-
hirelp for 14 hr at 4°C and then incubated with rabbit «-mouse
1gG antibodies for 1 hr. The immune complexes were adsorbed
with protein A Sepharose and successively washed with PBS
containing Triton X-100 at 1%, 0.1%, and 0.05%. Samples were
analyzed by SDS-PAGE under reducing conditions and autora-
diography. Band intensities were quantified by the NIH Image
1.55b program.

Northern blot analysis

Poly(A)" RNA isolated from various human tissues (Clontech)
was hybridized with 3?P-labeled, 1.5-kb Nsil-Pvul fragment of
hIRE1 cDNA corresponding to the luminal domain of hirelp,
the 0.9-kb EcoRlI insert fragment of pBluescript-9-1 correspond-
ing to the cytoplasmic domain of hlrelp, or 2-kb human B-actin
cDNA (Clontech). The hybridization was performed in Ex-
pressHyb Hybridization buffer according to the manufacturer’s
instructions (Clontech).

Total RNA from transfected COS-1 cells were prepared by use
of TRIzol reagent (Bethesda Research Labs). RNA (10 pg) was
resolved in 1% formaldehyde agarose gel and blotted onto Hy-
bond nylon membrane (Amersham). Blots were hybridized with
32p_labeled 0.9-kb EcoRI fragment of hIRE-1 pBluescript-9-1 as
described (Sambrook et al.1989).

In vitro phosphorylation and Western blotting

Immunoprecipitated protein from transfected COS-1 cells was
incubated in kinase buffer }50 mm Tris-HCI at pH 7.4, 150 mm
NaCl, 1 mm MnCl,, 1 mm MgCl,, 1 mm Na,MoO,, 2 mm NaF,
1 mm dithiothreitol and 10 pCi [y3*?P]JATP (6000 Ci/mmole,
Amersham Corp.)} at 30°C for 40 min. The protein samples
were resolved by electrophoresis on an SDS-10% polyacryl-
amide gel and then transferred onto a nitrocellulose membrane.
The membrane was probed with mouse «-hlrelp antibody fol-
lowed with goat a-mouse antibody conjugated with alkaline
phosphatase. The phosphorylation was quantified by autoradi-
ography.

Confocal immunofluorescence microscopy

Immunofluorescence staining was followed as described by Pa-
terson et al. (1995). Briefly, COS-1 cells were plated onto cov-
erslips and transfected with pED-hIRE1 plasmid as described
above. At 60 hr post-transfection, the transfected cells were
stained with mouse a—~GST-hlrelp and either rabbit «-GRP94
(generously provided by Dr. Michael Green, St. Louis Univer-
sity, MO) or guinea pig a-RanGAP1 (generously provided by Dr.
Frauke Melchior, Scripps Institute, San Diego, CA). The cells
were then incubated with secondary antibodies (goat a-mouse
1gG conjugated with fluorescein isothiocyanate and goat a-rab-
bit or goat a-guinea pig conjugated with rhodamine) (Boehringer
Mannheim), washed, and mounted onto slides with Prolong
mounting (Molecular Probes). The fluorescence images were ex-

1822 GENES & DEVELOPMENT

amined with a confocal laser scanning fluoresence microscope
(Bio-Rad MRC 600).

In vitro cleavage of HAC1 mRNA

The procedure followed was described previously by Sidrauski
and Walter (1997). Briefly, a 550-bp fragment of HAC1 DNA
fragment flanking the intron region (Mori et al. 1996) was PCR
amplified from S. cerevisiae genomic DNA and subcloned into
pBluescript Il SK (=) plasmid (Stratagene) at Pstl and Xhol sites
(pBluescript-HAC1). HAC1 mRNA was transcribed in vitro
from Xhol-digested pBluescript-HACL1 by use of T7 RNA poly-
merase (Boehringer Mannheim) in the presence of [«3?PJUTP
(3000 Ci/mmole, Amersham Corp.). The RNA was resolved by
electrophoresis in a 5% denaturing polyacrylamide gel and the
32p_labeled HAC1 mRNA was purified as described (Sidrauski
and Walter 1997) and dissolved in endonuclease buffer (20 mm
HEPES, 1 mm DTT, 10 mm MgOAc, 50 mm KOAc, and 2 mm
ATP). Purified RNA (3 x 10* cpm) was added to the immuno-
precipitated hlrelp, hirelp K599A, or 0.5 pg GST-cytoplasmic
Irelp (Welihinda and Kaufman 1996) in final volume 100 ul
reaction. After incubating at 30°C for the indicated time, the
reaction was terminated by extraction with phenol/chloroform,
precipitated with ethanol, and analyzed by electrophoresis on
5% denaturing polyacrylamide gel. Gels were dried prior to au-
toradiography.

Primer extension

The procedure was followed as described by Sambrook et al.
(1989).

Luciferase assay

To construct the pBiP-luciferase reporter plasmid, the promoter
region of rat BiP gene including the putative unfolded protein
response element (nucleotides -457-+33; Chang et al. 1987) was
amplified by PCR and subcloned into the Kpnl and HindllI sites
of pGL3-basic vector (Promega). Each 10 cm plate of COS-1 cells
was cotransfected with pBiP-luciferase reporter plasmid (2 pg),
RSVB-gal (2 pg, generously provided by Dr. Gary Nabel, Uni-
versity of Michigan, Ann Arbor) and pED-hIRE1 or pED-hIRE1
-K599A (4 pg each) by the calcium phosphate procedure (Chen
and Okayama 1988). At 60 hr post-transfection, cells were
treated with or without 10 pg/ml of tunicamycin for 6 hr. Prepa-
ration of the cell lysate, B-galactosidase assays and luciferase
assays were performed according to the manufacturers instruc-
tions (Promega). The luciferase activity was normalized to B-
galactosidase activity.
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Note added in proof

The sequence information described in the paper has been sub-
mitted to GenBank under accession no. AF059198.
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