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In contrast to yeast or mammalian counterpart, BiP (Binding Protein) from several plant species, such as maize, tobacco,
Arabidopsis and soybean, is encoded by a multigene family. A systematic characterization and analysis of soybean BiP expression
have provided evidence for the existence of multiple, complex regulatory mechanisms controlling plant BiP gene expression.
In support of this observation, the soybean BiP gene family has been shown to exhibit organ-specific expression and differential
regulation in response to abiotic stresses through distinct signaling pathways. As a member of the stress-regulated HSP70
family of protein, the elucidation of plant BiP function and regulation is likely to lead do new strategies to enhance crop
tolerance to environmental stress. Consistent with this observation, transgenic plants overexpressing soybean BiP have
demonstrated to exhibit increased tolerance to ER (endoplasmic reticulum) stressors during seed germination and enhanced
tolerance to water deficit during plant growth.
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Familia génica BiP em plantas: expressao diferencial, inducio de estresse e papel de protecio contra estresses fisiologicos:
Enquanto, em mamiferos e leveduras, a proteina Binding Protein (BiP) ¢ representada por um unico gene, em diversas plantas,
tais como milho, Arabidopsis, tabaco e soja, a BiP ¢ codificada por uma familia multigénica. A andlise e a caracterizacao
sistematicas da expressdo de BiP de soja t€ém revelado a existéncia de multiplos mecanismos complexos de regulacdo que
controlam a expressdo dos genes BiP de plantas. Consistente com essa observagdo, tem-se demonstrado que a familia de BiP
de soja exibe expressdo orgao-especifica e regulagdo diferencial em resposta a estresses fisiologicos mediante vias distintas de
sinalizacdo intracelular. Como um membro da familia Hsp70 de proteinas relacionadas com estresses, a elucidacao da fungdo
eregulagdo de BiP de plantas, provavelmente, resultara no desenvolvimento de novas estratégias moleculares para obtengéo de
plantas tolerantes a condi¢des de estresses do meio ambiente. Coerente com essa observagao, tem-se provado que a hiperexpressao
de um gene BiP da soja em plantas transgénicas promove aumento de tolerdncia a agentes que causam estresses tipicos do
reticulo endoplasmatico durante germinagdo da semente e confere tolerancia a estresse hidrico durante o crescimento da
planta.

Palavras-chave: chaperona molecular, estresse hidrico, Grp78, inibi¢do de glicosilagao, via de resposta a proteinas anormais,
reticulo endoplasmatico.

INTRODUCTION

The endoplasmic reticulum (ER) processing apparatus
comprises a set of molecular chaperones and folding enzymes,
which associates with newly synthesized polypeptides to assist
proper folding and assembly of oligomeric secretory proteins
(for reviews see Pelham, 1989; Hammond and Helenius, 1995;
Galili et al., 1998; Vitale and Denecke, 1999). The binding

protein (BiP) represents one of the best-characterized
molecular chaperones from the ER and is also designated
GRP78 (Glucose regulated protein-78 kDa). In mammalian
cells, BiP has been shown to play a dynamic role in the
regulation of various ER-supported processes, including
regulation of elF-2 kinase and mRNA translation, regulation
of its own expression, catalysis of protein folding and targeting
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of misfolded proteins for degradation (Hammond and
Helenius, 1995; Morris et al., 1997; Laitusis et al., 1999; Liu
etal.,2002; Ma et al., 2002). Here, we primarily focus on the
characterization of BiP induction, regulation and protective
properties against physiological stresses in higher plants. We
also emphasize the conservation and divergence of plant BiP
regulation and function as compared to the yeast and
mammalian counterpart.

ER stress regulation of plant BiP genes

As a member of the stress-regulated HSP70 family of
proteins, the expression of BiP/GRP78 genes has been ex-
amined primarily under stress conditions that promote up-
regulation of BiP mRNA (reviewed in Lee, 2001). The most
characterized signaling event that induces BiP is the accu-
mulation of unfolded proteins in the ER caused by ER stres-
sors, like tunicamycin that inhibits N-glycosylation of newly
synthesized proteins, or by expression of folding-defective
mutant secretory proteins (reviewed in Lee, 1992). This in-
duction is achieved through a signaling pathway named the
unfolded protein response pathway (UPR), which coordi-
nately up-regulates the transcription of a set of ER-resident
proteins, including the molecular chaperone BiP (Lee, 2001).

In plants, like in mammals and yeast, the expression of
BiP is regulated according to cellular requirements for
chaperone activity. Thus, both increase of secretory activity
and accumulation of unfolded proteins within the ER result
in the induction of BiP synthesis in plants (reviewed in Boston
et al., 1996; Pedrazzini and Vitale, 1996). In the floury-2
mutant of maize, the synthesis of a zein-like storage protein
variant, which contains an uncleavable signal sequence, is
associated with increased accumulation of BiP (Boston et al.,
1991; Fontes et al., 1991; Coleman et al., 1995; Gillinkin et
al., 1997). Expression of an assembly-defective mutant of
the bean storage protein phaseolin also induces BiP synthesis
in tobacco leaf protoplasts (Pedrazzinni et al., 1994).
Furthermore, tunicamycin, a potent activator of the UPR
pathway, efficiently induces BiP expression at both mRNA
and protein level in several plant systems (Fontes et al., 1991;
D’amico et al., 1992; Koizumi, 1996). Recently, we have
isolated and fused soybean BiP promoters to the reporter gene
GUS and we have shown that tunicamycin treatment up
regulates soybean BiP promoters in transgenic tobacco (Buzeli
et al., 2002). Collectively, these results have led to the
conclusion that, like mammal and yeast BiP, plant BiP is most
likely regulated through an unfolded protein response
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pathway. This idea is supported by the observation that, like
in mammalian cells, overexpression of BiP in tobacco leaf
protoplasts attenuates ER stress caused by tunicamycin and
prevents activation of the unfolded protein response pathway
(Leborgne-Castel et al., 1999). The UPR signaling pathway
has been characterized in details in Saccharomyces cerevisiae
and mammalian cells.

In yeast, the UPR signaling cascade involves an ER
transmembrane kinase Irelp and a basic-leucine zipper
transcription factor, Haclp (Mori et al., 1993; Cox and Walter,
1996). The activity of Haclp is controlled by regulated
splicing of its mRNA through a spliceosome independent
pathway, involving tRNA ligase and the endonuclease activity
of Irelp (Sidrauski et al., 1996; Sidrauski and Walter, 1997).
Haclp binds to the UPR-dependent cis-acting element
(UPRE) on target gene promoters to activate their transcription
(Mori et al., 1992; Cox and Walter, 1996).

Two mammalian homologs of lrel were identified in
mice and humans and both exhibited endoribonuclease
activity (for review, see Kaufman, 1999). Overexpression of
Irelp activates the UPR pathway in an Ire1p endoribonuclease
activity-dependent manner (Tirasophon et al., 1998). This
argues favorably for the existence of an Irelp-dependent
pathway for UPR induction in mammalian cells. In fact, the
transcription factor XBP-1, which is activated by an ER stress-
induced splicing event performed by Irel, binds to UPR-
specific targets to activate transcription (Yoshida et al., 2001).
Nevertheless, genetic disruption of both /RE alleles in mice
had no effect in the UPR pathway (Urano et al., 2000). An
alternative Irelp-independent pathway to activate BiP genes
in response to ER stress has also been described in mammalian
cells (for review, see Lee, 2001). In this signaling pathway,
the activation of BiP promoters is dependent on the ER-stress
induced proteolysis of the ER transmembrane protein ATF6
(Yoshida et al., 1998; Chen et al., 2002). This allows the
cytoplasmic bZIP domain of ATF6 to move to the nucleus,
where it can bind to ERSE (ER stress response element) cis-
regulatory elements with the transcription factor NF-Y and
activate expression of target genes such as BiP (Yoshida et
al., 2001). Three independent sequence motifs, UPRE
(through XBP-1 binding), ERSEI and ERSEII (through ATF6
binding), have been shown to confer the ER stress activation
of mammalian promoters (Yoshida et al., 1998; Roy and Lee,
1999; Kokame et al., 2001, Okada et al., 2002).

With respect to plant cells, two Irel homologs (Atlrel-1
and Atlrel-2) have been identified in Arabidopsis and one in
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rice (Oslrel) (Koizumi et al., 2001; Okushima et al., 2002).
The modular organization of these putative ER-
transmembrane receptors includes four domains characteristic
of Irel proteins found in mammals and yeast: (1) a lumenal
sensing domain at the N-terminal region, (2) a transmembrane
domain, (3) a protein kinase domain and (4) a ribonuclease
domain at the C-terminal end. Furthermore, the Irel-1 protein
from Arabidopsis protein functions as a protein kinase and
the sensor domain of Atlrel-1 and Atlrel-2 when linked to
the C-terminal domain of yeast Irel functionally complement
a yeast Airel mutant (Koizumi et al., 2001). Nevertheless,
homologs of ATF6 or hacl/XBP-1 have not been found in
the Arabidopsis genome and the downstream components of
the plant UPR remain to be identified.

Recently, microarray hybridization experiments revealed
several UPR target genes in Arabidopsis involved in ER and
secretory pathway functions (Martinez and Chrispeels, 2003).
These genomic analyses suggested that, like in mammalian
cells, plant cells have evolved at least three different mecha-
nisms that mediate UPR: (1) transcriptional induction of genes
encoding chaperones and vesicle trafficking proteins; (2) at-
tenuation of genes that encode secretory proteins; (3) upregulation
of'the ER-associated protein degradation (ERAD) system for
rapid cleaning of unfolded proteins in the ER.

Tissue-specific expression of plant BiP genes

The expression of plant BiP has also been shown to be
also under tissue-specific and developmental regulation
(reviewed in Boston et al., 1996; Pedrazzini and Vitale, 1996;
Galili et al., 1998). Tobacco BiP transcripts accumulate
predominantly in flower organs that contain secretory tissues
and in tissues with high proportions of rapidly dividing cells
(Denecke et al., 1991). In soybean, the members of the BiP
gene family are under differential organ-specific regulation
(Cascardo et al., 2001) and the expression of BiP genes is
regulated by developmental events that are associated with
high cellular secretory activity (Kalinski et al., 1995; Fontes
et al., 1996). Likewise, in maize, rice and wheat endosperms
(Boston et al., 1991; Fontes et al., 1991; Muench etal., 1997;
DuPont et al., 1998) and in pumpkin cotyledons (Hatano et
al., 1997), the synthesis of BiP is coordinated with the onset
of active storage protein. Therefore, the synthesis of BiP is
also induced by developmental events associated with high
cellular secretory activity. Accordingly, soybean BiP
promoters have demonstrated to drive high levels of GUS
reporter gene expression in tissues with elevated secretory

activity, such as leaf trichome and vascular tissues (Buzeli et
al., 2002). Histochemical GUS assays of transgenic plants
also displayed an intense staining in tissues with high rate of
cell division, such as the apical meristems from roots and
shoots and the procambial regions. Following the process of
cell division, meristematic cells exhibit high secretory activity
associated with the biogenesis of the plant cell wall.

Plant BiP promoters share conserved structural features
with mammalian BiP promoters, containing multiple copies
of CCAAT box-like motifs flanked by CG-rich sequences.
These are required for high level of basal expression and con-
stitute repetitive units of the ER stress response element (Lee,
2001). Promoter deletion analyses, using 5’flanking sequences
of a soybean BiP (gsBiP06) gene fused to glucuronidase (GUS)
reporter genes, identified two cis-regulatory functional do-
mains that are important for the spatially-regulated activa-
tion of BiP expression under normal plant development
(Buzeli etal., 2002). The first one, designated cis-acting regu-
latory domain 1, CRD1 (-358 to -211, on gsBiP6), corresponds
to an AT-rich enhancer-like sequence that activates expres-
sion of the BiP minimal promoter in all organs analyzed. A
second activating domain, CRD2 (-211 to -80), however, is
required for BiP promoter activity in meristematic tissues and
phloem cells. Apparently, the CRD2 sequence also harbors
negative cis-acting elements, because removal of this region
caused derepression of the gsBiP6 promoter in parenchymatic
xylem rays (Buzeli et al., 2002).

The CRD2 region may also confer the ER stress activa-
tion of plant BiP promoters because its removal suppresses
reporter gene induction by tunicamycin (Buzeli et al., 2002).
The CRD2 sequence harbors closely related ERSE-I and
ERSE-II-like sequences as well as several potential cis-regu-
latory elements found in plant promoters, such as G-box-re-
lated sequences and auxin-responsive elements (Ingram and
Bartels, 1996; Guilfoyle et al., 1998). The structural organi-
zation of CRD2 in plant BiP promoters with multiple puta-
tive cis-acting elements accommodates the argument that they
may act as composite/coupling elements that function in dif-
ferent combinations to confer a diversity of tissue-specific,
developmental and stress-regulated patterns.

Members of the soybean BiP family display differential
pattern of expression

The genome of several plant species, such as maize,
tobacco, Arabidopsis and soybean, is represented by multiple
copies of BiP genes (Denecke et al., 1991; Kalinski et al.,
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1995; Wrobel et al., 1997; Sung et al., 2001). This observation
has raised the possibility that individual members of the plant
BiP gene family exhibit differential regulation, function or
substrate specificity. Nevertheless, in maize, two BiP genes
isolated from a kernel cDNA library have been shown to
exhibit similar pattern of expression (Wrobel et al., 1997).
Likewise, three BiP genes from tobacco or two BiP genes
(BiP-1 and BiP-2) from Arabidopsis have been shown to be
coordinately regulated (Denecke et al., 1991; Sung et al.,
2001). These analyses of gene expression, however, did not
cover entirely the complexity of the maize, tobacco or
Arabidopsis BiP family and, thus, it remains possible that as
yet uncharacterized BiP genes in these plant species are
regulated differently to those characterized genes. This was
found to be the case for the soybean BiP gene family, which
has been shown to be under organ-specific regulation
(Cascardo et al., 2001). In fact, the two-dimensional gel
electrophoresis profiles displayed by the BiP forms from
different soybean organs are quite distinct. Furthermore, RT-
PCR experiments using gene-specific primers established that
three of the four isolated soybean BiP genes (soyBiPA,
soyBiPB, soyBiPC and soyBiPD) are differentially expressed
in different organs (Kalinski et al, 1995; Figueiredo et al.,
1997; Cascardo et al., 2001). While all four BiP transcripts
are detected in leaves by gene-specific RT-PCR assays,
different subsets are detected in the other organs (Cascardo
etal.,2001). The soyBiPD is expressed in all organs, whereas
the expression of the soyBiPB is restricted to leaves. The
soyBiPA transcripts are detected in leaves, roots and seeds
and soyBiPC RNA is confined to leaves, seeds and pods. The
differential expression of the soybean BiP gene family
indicates that plant BiP has evolved independent regulatory
mechanisms, possibly to maximize BiP expression according
to cellular requirements or under specific stress conditions,
which are sensed differently by distinct plant organs.
Alternatively, these results might be correlated with distinct
functions or substrate specificity of the individual members
of the family.

Plant BiP genes respond to physiological stresses through
distinct signaling pathways

Plant BiP expression has also been shown to respond to
a variety of abiotic and biotic stress conditions, such as water
stress, fungus infestation, insect attack, nutritional stress, cold
acclimation and elicitors of the plant-pathogenesis response
(Anderson et al., 1994; Kalinski et al., 1995; Fontes et al.,
1996; Figueiredo et al., 1997; Fontes et al., 1999; Picoli et
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al., 2001). However, in some plant species, specific stress
conditions and developmental events alter BiP mRNA and
protein levels to different extents, suggesting that post-
transcriptional mechanisms are also involved in the regulation
of BiP synthesis in plants (Anderson et al., 1994; Kalinski et
al., 1995). Alternatively or additionally, these discrepancies
between the level of BiP mRNA and protein may reflect
differential expression and regulation of plant BiP gene
families, since the genome of several plant species is
represented by multiple BiP genes (Denecke et al., 1991;
Kalinski et al., 1995; Wrobel et al., 1997). Consistent with
the former hypothesis, the constitutive overexpression of
tobacco BiP genes in transgenic plants led to a significant
but non-proportional increase in BiP mRNA and protein
accumulation (Leborgne-Castel et al., 1999; EPB Fontes,
unpublished observations). On the other hand, the observation
that the members of the soybean BiP gene family are not
coordinately regulated argues in favor of the latter hypothesis
(Cascardo et al., 2000; 2001). Both alternatives, however,
support the argument that multiple, complex regulatory
mechanisms control BiP gene expression in plants.

Several lines of evidence indicate that stimulation of BiP
expression by water stress or pathogen attack occurs through
a pathway distinct from the UPR signaling cascade. First,
although all soybean BiP forms are up-regulated by
tunicamycin, only a subset of the soybean BiP forms is
induced by osmotic stress in cell cultures (Cascardo et al,
2000). Similarly, the mRNA levels of all four soyBiP genes
are controlled by tunicamycin, but only the soyBiPA RNA is
up regulated by osmotic stress. The absence of soyBiPC,
soyBiPB and soyBiPD induction in PEG-treated cells suggests
that the UPR and water-stress regulated pathways are
independently controlled. Second, the rapid induction of BiP
by PEG is distinct from the delayed tunicamycin-induction
kinetics (Cascardo et al., 2000). Likewise, in tobacco leaves,
the kinetics of BiP induction by cell wall degrading enzymes
(CDEs) treatment, which mimics bacterial pathogen attack,
is distinct from that of UPR (Jelitto-Van Dooren et al., 1999).
The difference in the kinetics of BiP induction suggests that
different components from the UPR pathway are involved in
the signaling pathway that regulates BiP expression under
osmotic stress and by CDE response. Finally, treatment of
soybean suspension cell culture with both PEG and
tunicamycin promoted a synergistic effect on the level of BiP
induction (Cascardo et al., 2000). Similarly, in tobacco
protoplasts, the BiP inductions by CDE response and UPR
are additive (Jelitto-Van Dooren et al., 1999). Taken together,
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these results support the notion that the regulation of BiP
expression by physiological stresses functions in distinct
signal transduction pathways. It will be interesting to know
whether induction of BiP by osmotic stress and elicitors of
the plant-pathogenesis response occurs by similar and
overlapping signaling cascades.

Stress-induced phosphorylation state and oligomerization
of soybean BiP

Plant BiP exists in interconvertible phosphorylated and
non-phosphorylated forms and the equilibrium can be shift
to either direction in response to different stimuli (Cascardo
etal., 2000). In contrast to tunicamycin treatment, water stress
condition stimulated phosphorylation of BiP species in
soybean cultured cells and stressed leaves (Cascardo et al.,
2000). Although the tunicamycin-induced BiP forms are
unmodified and osmotic stress-induced BiP forms are
phosphorylated, both treatments cause the conversion of
oligomeric BiP to the monomeric forms (Carolino et al.,
2001). In mammalian cells, modification of BiP is associated
with its oligomerization (Freiden et al., 1992). Thus, the
modification of plant BiP protein in response to water stress
differs from the usual pattern of post-translational
modifications of eukaryotic BiPs. The simplest explanation
for these results is that phosphorylation of soybean BiP by
osmotic stress may serve as a distinct regulatory function and,
since is not restricted to the oligomeric form of BiP, it may
occur at different sites. The determination of the
phosphorylation sites of normal and PEG-induced BiP forms
is required to validate this interpretation.

In animal cells, tunicamycin-induced BiP or BiP bound
to nascent proteins is unmodified and it is generally accepted
that the non-phosphorylated form is the biologically active
BiP species in the folding pathway (Carlsson and Lazarides,
1983; Hendershot et al., 1988; Freiden et al., 1992). Despite
their phosphorylation state, soybean BiP isoforms from water-
stressed leaves exhibit protein-binding activity and associates
with a water stress—induced 28 kDa polypeptide (Cascardo
etal., 2000). Two lines of evidence suggest that the association
between BiP and the 28 kDa water stress-induced polypeptide
is not an in-vitro artifact and may be physiologically relevant.
First, the 28 kDa polypeptide was localized in microsomal
membranes composed primarily of endomembrane vesicles
derived from the ER, Golgi and tonoplast. As a secretory
protein, the 28 kDa polypeptide is expected to be transiently
co-localized with BiP, as it enters the ER. Second, the complex

BiP: 28 kDa polypeptide was sensitive to ATP, a property of
chaperone-mediated interactions. Therefore, phosphorylation
of BiP by osmotic stress cannot be attributed simply to
inactivation of induced BiP isoforms. These observations
suggest that plant BiP functional regulation may differ from
other eukaryotic BiPs.

Protective properties of plant BiP against abiotic stresses

Since these UPR-induced proteins have been shown to
act as chaperones, they are believed to function in an ER
protective mechanism against protein misaggregation. In fact,
overexpression of BiP in mammalian cultured cells (Morris
et al., 1997) and tobacco protoplasts (Leborgne-Castel et al.,
1999) prevents the induction of UPR-induced genes and
increases cell tolerance to stress, suggesting that BiP directly
alleviates the ER stress. Furthermore, transfection of
mammalian cultured cells with

BiP antisense mRNA expression constructs suppressed
the induction of BiP without altering basal BiP levels. These
cells also showed increased sensitivity to ionophores (Li and
Lee, 1991; Li et al., 1992), oxidative stress (Gomer et al.,
1991), and cell-mediated toxicity (Sugawara et al., 1993).

The protective role of plant BiP against abiotic stresses
has also been examined at the whole plant level (Alvim et
al., 2001). The effect of BiP overexpression on a typical ER
stress response has been investigated using a germination/
survival assay in the presence of tunicamycin, a potent
activator of the UPR pathway. For this assay, soybean seeds
are allowed to germinate for 5 days in a solid MS-based
medium supplemented with 5 pg.mL"! of tunicamycin and
then transferred to a tunicamycin-free medium. The
tunicamycin-tolerant germination phenotype is interpreted as
the capacity of the seed to recover and germinate into
seedlings. Transgenic seeds expressing the soybean BiP gene
recover after removing tunicamycin whereas those lacking
the transgene fail to germinate and eventually die (Alvim et
al., 2001). Like in mammalian cells, in plants the BiP-
mediated protection against ER stressors has been shown to
be due to restoration of the protein synthetic capability under
ER stress conditions (Morris et al., 1997; Laitusis et al., 1999;
Leborgne-Castel et al., 1999; Alvim et al., 2001).

In addition to alleviate ER stress, overexpression of plant
BiP has also been shown to increase tolerance of plants to
water deficit (Figueiredo et al., 1997, Cascardo et al., 2000,
Alvim et al., 2001). Although the mechanism of BiP-mediated
water stress tolerance has yet to be elucidate, the water-stress
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stimulation of the antioxidative defenses was not observed
in droughted sense leaves, suggesting that overexpression of
BiP in plants may prevent endogenous oxidative stress.

CONCLUSION

Although the overall ER-stress response in plants is
thought to be similar to that of yeast and mammals, compelling
evidence in the literature suggests that the BiP stress response
may differ significantly in plants. We have described several
key differences in the expression and regulation of the ER-
molecular chaperone soybean BiP under abiotic stress. These
differences may be related to the existence of multiple BiP
genes in plants and to the unique challenge that stress
conditions represent to plants compared to other eukaryotes.
Because plants cannot avoid environmental changes, they are
constantly subjected to a variety of stress conditions.
Acclimation to environmental changes requires responses
against cell damages, such as preservation of membrane and
protein structures, which enable the plant to tolerate and
minimize the deleterious effect of abiotic stress. Possibly the
members of the plant BiP gene family have evolved
independent regulatory mechanisms to ensure a high level of
expression under a broad range of biotic and abiotic stress
conditions to protect the plant against cell damage. Thus, the
effectiveness of BiP overexpression on plant protection
against stresses may be related to its induction by a large
variety of physiological stress conditions.
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