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Abstract

Using Arabidopsis thaliana, we identified the cis-element involved in the plant unfolded protein response (UPR). In transgenic
plants, tunicamycin stimulated expression of a reporter gene under the control of the BiP promoter and promoter analysis identified
a 24 bp sequence crucial to this induction. When fused with a minimal promoter, a hexamer of this sequence was sufficient for
induction of a reporter gene in protoplasts treated with tunicamycin or dithiothreitol. Induction rate equivalent to original promoter
was observed when the assay was conducted in transgenic plants. This 24 bp sequence contained two elements also responsible for
the UPR in animals. Either of these elements was sufficient for the plant UPR, indicating conservation between animals and plants

of cis-elements involved in the UPR.
© 2002 Elsevier Science (USA). All rights reserved.
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Proteins synthesized in the endoplasmic reticulum
(ER) are translocated to their proper destination by
vesicle transport. Before exit from the ER, proteins need
to be in correct conformation. If correct folding or as-
sembly is prevented, a set of genes encoding molecular
chaperones such as BiP are induced to maintain ho-
meostasis of protein structures. This phenomenon is
termed the unfolded protein response (UPR) [1] and is
invoked following ER stress. The UPR also results in
attenuation of protein synthesis and degradation of
proteins [2,3]. Although the UPR is often experimentally
induced by chemicals such as tunicamycin (an inhibitor
of N-linked glycosylation) and dithiothreitol (DTT, a
reducing agent which inhibits the disulfide bond for-
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mation) [4], it appears to be involved in nutrient sensing
and differentiation [5-8].

The UPR signal pathway has been extensively char-
acterized in yeast and recently in animals [for reviews,
see 8-10]. In yeast, a 22 bp sequence in the BiP promoter
is sufficient for UPR induction and is designated the
UPRE (UPR element) [11]. Subsequent studies showed
that a partial palindromic sequence with a one-nucleo-
tide spacer (CAGCGTG) was essential for UPRE
function [12]. The UPRE is also found in other ER
chaperone genes. The bZIP-type transcription factor
Haclp binds UPRE and activates transcription of cod-
ing genes [12,13]. Accumulation of Haclp is regulated
by specific splicing of its mRNA catalyzed by the ribo-
nuclease domain of Irelp, a transmembrane protein that
consists of a sensor domain in the N-terminus and ki-
nase/ribonuclease domain in the C-terminus [13-15].

In animals, the consensus sequence (CCAAT-NO-
CCACG) responsible for induction of human BiP
(GRP78) and the GRP94 gene is designated ERSE (ER
stress element) [16]. There are at least two bZIP tran-
scription factors, ATF6 and XBP1, that bind ERSE [16].
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ATFG6 is a type Il membrane protein that is converted by
proteolysis to a soluble transcription factor upon ER
stress [16,17]. XBP1 levels are regulated by splicing of its
mRNA catalyzed by the product of IREI, similar to
yeast HACI [5,6,18]. Since XBPI has an ERSE in its
promoter, ATF6 and XBP1 itself regulate transcription
of XBPI. In addition to ERSE, a sequence in the pro-
moter of the human Herp gene (ATTGG-N-CCACQG)
was found to be responsible for the UPR and was des-
ignated ERSE II [19]. Another sequence, GA-TGAC
GT-G(T/G), referred to as the XBP1 binding site, was
also sufficient for induction of a reporter gene by tu-
nicamycin [5,18,20]. These observations indicate that the
mechanism regulating the UPR is conserved, in part,
from yeast to animals, although the UPR of animals is
more complex.

We have previously described the tunicamycin-stim-
ulated co-operative induction of five genes encoding ER -
resident chaperones in the leaves of the model plant A.
thaliana [21]. This observation suggests that A. thaliana
has a UPR pathway similar to other eukaryotes. In the
present study we investigated the UPR mechanism in
plants, and in doing so, identified cis-acting elements in
the BiP promoter of A. thaliana sufficient for initiating
transcription upon triggering of the UPR.

Materials and methods

Plasmid construction. For stable transformation, promoter regions
of Atbipl and Atbip2 were amplified by polymerase chain reaction
(PCR) with primers (CCCGTCGACAAATGAGTGGTGTAATGA
ACG and CCACCCGGGGAGCGAGCCTATACGGAAAC for At-
bip-1), and (CCCGTCGACTCTTTTGCACCTATCGTACAC and
CCACCCGGGGAGCGAGCCTATACGGAAAC for Athip-2). Am-
plified fragments digested with Sa/l and Smal were inserted into the
pBI101 vector (Clontech). For the transient luciferase assay, the (-
glucuronidase (GUS) gene in pBI121 (Clontech) was replaced with the
firefly luciferase gene derived from pGL3-Basic (Promega) using BamHI
and Sacl, and the fragment was cut by EcoRI and Hindlll containing
the cauliflower mosaic virus (CaMV) 35S promoter and the firefly lu-
ciferase gene and the nopaline synthase terminator was transferred to
pUCIS8, to create the plasmid p35Lt. The appropriate region of the
Atbip2 promoter amplified by PCR was replaced with the CaMV 35S
promoter of p35Lt using Pstl and BamHI. The firefly luciferase gene of
p35Lt was replaced with the Renilla luciferase gene derived from pRL-
TK (Promega) and the resultant construct was designated p35RLt. For
the linker-scanning mutant, two back-to-back primers containing five
nucleotides of substitution in their 5 ends were designed. By inverse
PCR using ten sets of these primer pairs and subsequent self-ligation, a
series of plasmids containing serial 10 nucleotide-substitution mutations
were constructed. For gain of function analysis of the cis-element, the
CaMV 358 promoter in p35Lt was replaced with the CaMV 35S -46
minimal promoter. A Xhol site was also inserted upstream of the min-
imal promoter and this plasmid was termed pM35Lt. Monomers, tri-
mers, and hexamers of the 24 bp sequence containing incomplete Xhol
and Sal/l sites at their 5’ ends were inserted into the Xhol site of pM35Lt.
For transgenic plants, the region containing the hexamer of the 24 bp
sequence and the 35S minimal promoter was excised using HindIII and
Xhol and inserted in pBI101 with HindIII and Sa/l. For analysis of P-
UPRE with mutations, trimers of P-UPRE and mutated P-UPREs were

synthesized with HindIIl and Xhol sites. The oligomers were annealed
and inserted into the HindIIl and Xhol sites of pM35Lt.

Dual luciferase assay. Protoplasts were prepared from three week
old A. thaliana (ecotype Columbia) and transfected with constructs as
per Shillito and Saul [22]. Protoplasts were treated with tunicamycin
(10 pg/ml) or DTT (0.5mM) and incubated at 23 °C for 18 h. Lucif-
erase activity was measured using the Dual Luciferase assay system
(Promega), according to the manufacturer’s instructions.

Stable transformation and GUS enzyme assay. Arabidopsis thaliana
(ecotype Columbia) were infected with Agrobacterium tumefaciens
harboring chimeric constructs, as previously described [23]. Seeds were
collected and selected on plates containing kanamycin (25 pg/ml).
Progeny of transgenic plants were subjected to GUS analysis. Quan-
titative analysis of GUS activity was performed as previously described
[24].

Results
Two closely related BiP promoters respond to tunicamycin

Previously we isolated two BiP genes from A. thaliana
that were highly similar, even with regard to introns and
the 5 upstream region [25]. In order to clarify whether
both genes respond to the UPR, approximately 1.5 kb of
each promoter was fused with the GUS reporter gene
and introduced into A. thaliana. When seedlings of
transgenic plants were treated with tunicamycin, GUS
activity was induced more than 10-fold in both cases
(Fig. 1A). This result suggested that both BiP genes were
responsible for the UPR.

Mutation analyses of the Atbip-2 promoter

In order to identify cis-elements responsible for the
UPR, the Athip2 promoter was further analyzed by
transient dual luciferase assay using protoplasts. Five
deletion clones were constructed starting from —652
(Fig. 1B). Although 4- to 6-fold-induction was observed
in —652, -477, -267, and —209 constructs upon tu-
nicamycin treatment, —166 did not show detectable in-
duction. These data indicated that the -cis-element
regulating the UPR is located between —209 and —166.

In order to more finely map this cis-element, muta-
tions were introduced between —264 and —164 with
10bp linkers. We found that although most mutated
promoters responded to tunicamycin in 4- to 6-fold-in-
duction, basal luciferase activity was barely detectable in
LS8 (-191 to —182) (Fig. 1C). Hence, we considered that
a cis-element responsible for the UPR was located
around the —191 to —182 region.

Identification of a 24 bp sequence responsible for the UPR

Since the sequence around —191 to —182 was con-
sidered critical for induction, a 24bp sequence from
—197 to —174 was fused with the CaMV 35S -46 minimal
promoter and used in a transient transfection reporter
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Fig. 1. (A) Analysis of transgenic plants containing a construct comprising either the Azbipl or Atbip2 promoter upstream of the GUS reporter gene.
Seedlings were treated with (closed bars) or without (open bar) tunicamycin (5 pg/ml) for 16 h before GUS assay. (B) Deletion analysis of the Atbip2
promoter. Protoplasts were transfected with constructs consisting of the Athip2 promoter and the firefly luciferase gene. Tunicamycin (10 pg/ml)
treatment was conducted for 16 h. Results were normalized for efficiency of transfection following determination of Renilla luciferase activity driven
by the CaMV 35S promoter. ‘Activity’ represents activity relative to basal activity of constructs with the —652 promoter. Means and standard
deviations from three independent experiments are shown. (C) Linker-scanning mutation of the Atbip2 promoter. Ten-base mutations were intro-
duced between —265 and —162 bp of the Athip2 promoter. Luciferase assays were conducted as described in (B). ‘Activity’ represents activity relative
to the basal activity of constructs with the wild-type —267 promoter. The 24 bp sequence is underlined.

assay. We found that chimeric constructs containing
trimers and hexamers responded to tunicamycin and
DTT, indicating that this sequence was sufficient for the
UPR (Fig. 2A). In order to determine whether this 24 bp
region was functional in intact plants, hexamers with
minimal promoters were fused to the GUS gene and this
construct was used to generate transgenic plants. Six
independent lines with either this construct or the ori-
ginal full-length Atbip2 promoter (same as Fig. 1A) were
subjected to quantitative GUS assay. Upon tunicamycin
treatment, induction was observed in transgenic plants
with either construct (Fig. 2B). Although induction rates
were similar, GUS activity was more than 5-fold higher
with the full-length promoter compared to the minimal

chimeric promoter, suggesting the presence of additional
enhancer-like sequences in the full-length promoter. It
should be noted that induction rate in transgenic plants
(~16-fold) was much higher than that in protoplasts
(~3-fold), indicating that the induction rates obtained
from transient assay were underestimated.

Cis element of the plant UPR composed of cis elements of
the animal UPR

Examination of the 24bp plant sequence GAT-
AATTGGTCCACGTCATCTCCG revealed that it
contains two sequences responsible for the UPR in
animals. ATTGGTCCACG perfectly matches the
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Fig. 2. Effect of the 24 bp sequence on induction of reporter genes. (A)
Trimer and hexamer of the 24 bp sequence were fused with the CaMV
35S —46 minimal promoter (—46) and firefly luciferase (Luc). Protop-
lasts were treated with tunicamycin (10 pg/ml) or DTT (0.5 mM) for
16 h. Luciferase assays were conducted as described in Fig. 1B. (B)
GUS assays were conducted as described in Fig. 1A. Data are results
from six independent transformants for each construct.

ERSEIl ATTGG-N-CCACG, while CCACGTCATC is
complementary to the XBPI1 binding site GA-TGA
CGT-G(T/G) [5,18,19]. Considering this fact, the 24 bp
sequence was further analyzed using nucleotide substi-
tutions. We found that a sequence comprising just two
mammalian sequences, ATTGGTCCACGTCATC, was
sufficient for induction (Fig. 3, wt) and it was designated
P-UPRE (plant UPR element). If either the ERSEII or
XBP1 binding site was intact, distinct induction was
observed (ml and m3 in Fig. 3). In contrast, mutation
that disrupted both elements abolished induction (m2,
m4, and m5 in Fig. 3). These data indicate that either of
the ERSEII or XBP1 binding sites is essential and suf-
ficient for the UPR.

Sequences of other genes induced upon the UPR

The P-UPRE identified in Athip2 was completely
conserved in Atbipl. P-UPRE analogous sequences
were found in the BiP promoter of spinach and soy-
bean (Fig. 4). A similar sequence was also found in the
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m1  QEGTTTCCACGTCATC 2.62+0.35
m2  ATTGGIAACCTTCATC 1.69+0.30
m3  ATTGGTCCACGSACGA 2.01£0.43
m4  QGTTTCCACEEACGA 1.30£0.14
5 O-Tm
TTGGTRACCTGACGA
ms A B+Tm 1.25+0.16
T 1 T
0 1 2 3 Fold
Relative luciferase activity induction

Fig. 3. Characterization of the P-UPRE using mutations. Trimers of
original P-UPRE (wt) and those with mutations were fused with the
CaMV 35S —46 minimal promoter (—46) and firefly luciferase (Luc).
Luciferase assays were conducted as described in Fig. 1B. ‘Activity’
represents activity relative to basal activity of the wt trimer.

P-UPRE like

Atbip-2 -194 ATTGGT CCACGTCAT -169
Atbip-1 -169 ATIGGT CCACGICAT -154
Spinach BiP 373 ATTGGT CCACGTCAT -358

-212 ATIGGTTCCACGTCAT -196
Soybean BiP  -185 ATIGGT CCACGTCAT -170

AtCNX2 -290 ATTGGGOCCAGGTCAG -274
ERSE like
AtPDI -326 CCAAT-gtacaageg-ACACG -344
-146 CCAAT-tagagatag-CCACG -128
AtCNX1 -219 CCAAT-cataacatt-CCACG -237
AtCRT1 -129 CCAAT-tagttaaat-ACACG -147
AtCRT2 -160 CCAAT-aggtaaccg-ACACG -181
AtGRP94 -166 CCAAT-acaaaacta-CCACG -148

Xbp-1 binding site like

AtPDI -353 AA-TGACGT-QG -362
AtCNX2 -147 AA-TGACGT-TC -138
AtGRP94 -244 CT-TGACGT-GG -253

Fig. 4. Putative cis-elements for the UPR found in the promoter re-
gions of plant genes. The GenBank Accession Nos. for each gene are
Atbipl: D89342, Atbip2: D89341, Spinach BiP: L23551, Soybean BiP:
AF335282, AtCNX2: U08315, AtPDI: NM_102024, AtCNXI1:
718242, AtCRTI1: U66343, AtCRT: NM_100791, and AtGRP9%:
NM_118549.

promoter of the calnexin2 gene of A4. thaliana (Fig. 4).
The promoters of other ER-resident chaperone genes,
such as calreticulin and GRP94, and the gene for
protein disulfide isomerase in A. thaliana, also contain
sequences homologous to the ERSE and XBP-1 bind-
ing sites (Fig. 4).
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Discussion

Although there have been reports describing the UPR
in plants [26-29], the molecular mechanism has yet to be
determined. It was possible that the plant mechanism
may be similar to that in yeast and animals. In fact, Irel
homologs have been isolated from A. thaliana and rice
[21,30,31], although their involvement in the UPR has
not been demonstrated. Since the UPR is more com-
plicated in animals than in yeast, plants may also have
distinct machinery.

The present study sought to identify the cis-element
required for the plant UPR. Although we did not pos-
tulate that plants used the same cis-elements as animals,
given cis-elements are not conserved between yeast and
animals, we found that the P-UPRE ATTGGTCCACG
TCATC contained two animal UPR cis-elements, the
ERSE II and XBP1 binding sites. Since either element
was sufficient for the UPR, we concluded that P-UPRE
consists of two overlapping functional elements identical
to cis-elements involved in the animal UPR. Consistent
with this conclusion, analogous sequences were found in
genes induced upon the UPR. Since the functions of
ERSE and ERSE II are considered to be analogous in
animals [19], it is possible that ERSE is also functional in
plants. In support of this hypothesis, ERSE-like se-
quences were found in promoter regions of other chap-
erone genes induced upon the UPR (Fig. 4). Thus,
although we have not proven that all of these sequences
are functional, we suggest that it is likely they are in-
volved in the plant UPR.

At this time there is no information about transcrip-
tion factor binding to the P-UPRE. Since the cis-element
is conserved between animals and plants, binding pro-
teins may also be analogous. Both XBP1 and ATF6 are
classified as bZIP-type transcription factors, even though
their structures are barely similar. In addition, Haclp in
yeast is also a bZIP protein. Thus, it could be assumed
that a bZIP transcription factor binds to the P-UPRE
involved in the plant UPR. However, a simple database
search did not identify genes similar to XBP1 or ATF6
among the 75 genes encoding putative bZIP proteins in
A. thaliana [32]. Identification of a functional XBP1 or
ATF6 homolog is the next challenge.
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