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Molecular chaperones and foldases are a diverse group of
proteins that in vivo bind to misfolded or unfolded proteins
(non-native or unstable proteins) and play important role in
their proper folding. Stress conditions compel altered and
heightened chaperone and foldase expression activity in
the endoplasmic reticulum (ER), which highlights the role of
these proteins, due to which several of the proteins under
these classes were identified as heat shock proteins. Different
chaperones and foldases are active in different cellular
compartment performing specific tasks. The review will
discuss the role of ER chaperones and foldases under stress
conditions, to maintain proper protein folding dynamics in the
plant cells and recent advances in the field. The ER chaperones
and foldases, which are described in article, are binding
protein (BiP), glucose regulated protein (GRP94), protein-
disulfide isomerase (PDI), peptidyl-prolyl isomerases (PPI) or
immunophilins, calnexin and calreticulin.

Introduction

Protein folding often requires molecular protein folding machin-
eries like chaperones and foldases."? Foldases include two isom-
erases, namely, protein disulfide isomerase and peptidyl prolyl
isomerase. The two foldases catalyze the formation of disulfide
bonds or isomerization of peptide bonds proximal to Pro resi-
dues, respectively. Molecular chaperones are rather diverse group
of proteins, sharing a common property to bind to unstable sub-
strate proteins in non-native and intermediate structural states.
Intriguingly, homologs of almost all the proteins involved in
protein folding are conserved across eukaryotes, plant or animal
kingdom.

The chaperones increase the overall efficiency of protein fold-
ings by recognizing and stabilizing the partially folded interme-
diates during polypeptide folding, assembly and disassembly. On
the other hand foldases influence the protein folding by affecting
the rate limiting steps. There are two types of foldases, using dif-
ferent modes of action, namely Peptidyl-prolyl cis or trans isom-
erase (PPI) (immunophilins), and protein-disulfide isomerase
(PDI). The cyclophilin and FK506 binding protein are also the
ER foldases. The foldases facilitate the folding of every protein
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by catalyzing isomerization of prolyl peptide bonds or formation
and isomerization of disulfide bonds for proper folding.

Folding of the nascent secretory proteins, tagged and delivered
by ribosomes into ER lumen is assisted and corrected by a host of
chaperones and foldases. The ER lumen is a specialized organelle
compartment dedicated primarily to protein folding as proteins
enter it in an unfolded conformation and leaves it fully folded.?
ER located protein folding mediators include BiP (binding pro-
tein) or GRP78 (glucose-regulated protein 78), calnexin, calre-
ticulin, GRP94 (endoplasmin or glucose-regulated protein 94),
and PDI (protein disulfide isomerase). These proteins were ini-
tially studied in yeast and mammalian systems and later homo-
logs of these ER molecular chaperones have been also discovered
in higher plants.*> BiP and GRP94 are ER isoforms of cytosolic
proteins, whereas others are unique ER proteins. The conserva-
tion of the proteins across different species and kingdom indi-
cates existence of broadly common protein folding pathway. Plant
stress induces enhance expression of ER chaperones and foldases.
For example enhanced expression of chaperones is observed in
tunicamycin-induced stress in plant cells or tissues. The antibi-
otic is known to inhibit N-linked glycosylation, which hinders
proper protein folding and slows down assembly of oligomers.*
A variety of other stress conditions both artificial as well as natu-
ral like addition of plant growth regulators, infection etc. are also
known to enhance chaperone production.” Recently, microarray
expression analysis of a beta peptide (expressed in Alzheimer’s
disease) expressing transgenic rice endosperm cells affected ER
response in the cells, accompanied with changes in expression
of several several BiPs, PDIs and OsbZIP60 and an opaque and
shrunken phenotype.'’ Disruption or enhanced demand for pro-
tein folding causes ER stress- designated the Unfolded Protein
Response (UPR), activates signaling cascades leading to restora-
tion or enhancement in protein folding capacity.

Binding protein (BiP). Binding protein (BiP), a HSP70
molecular chaperone, is an important and most well studied ER
protein implicated in stress response of cells."*> Alvim, Carolino
et al. found that under progressive drought, the leaf BiP levels
correlated with the maintenance of the shoot turgidity and water
content. The protective effect of BiP overexpression against water
stress was disrupted by expression of an antisense BiP cDNA
construct. Although overexpression of BiP prevented cellular
dehydration, the stomatal conductance and transpiration rate in
droughted sense leaves were higher than in control and antisense
leaves. Their experiments for the first time demonstrated the role
of BiP in multicellular organisms, namely transgenic tobacco
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Figure 1. Structural basis of the 70-kilodalton heat shock cognate protein ATP hydrolytic activity site (PDB: INGA, MMDB: 56948): The Cn3D image on
the left shows overall tertiary crystal structure of the 44 KDa amino-terminal mutant fragment of Hsc70. The image on the right is zoomed image of

the binding site: showing Asp-10 and Asp-199, which are Mg?* ion ligands; Glu-175 (mutated to Ser in this mutant) and Asp-206, which are candidates
for a role as catalytic base are marked in the figure.

Nicotiana tabacum L. cv Havana. BiP is also an essential compo-
nent of the protein translocation machinery, as well as playing a
role in retrograde transport across the ER membrane of aberrant
proteins destined for degradation by the proteasome.'?

It was discovered that the molecular chaperone BiP purified
from bovine liver (bBiP) exhibits a low basal level of ATPase
activity that can be enhanced 3-to 6-fold by synthetic peptides.™
This and several other experiments also confirmed that there is
no consensus binding recognition sites or motif but the fact that
BiP interacts more tightly with non-native protein domains.”
It has been established that BiP binds stabilizes partially folded
intermediates, then releases and rebinds to sites that remain in
'® Amongst the higher plant ER chap-
erones that have been identified, BiP is most likely involved in the
early stages of protein folding. BiP binds nascent polypeptides,
and is vital in the ER translocation and corrects folding of newly
synthesized proteins. The role of plant BiP was also established
by experiments in which a chimeric gene containing the coding
region of one of the tobacco BiP genes is able to complement a
mutation in the Saccharomyces cerevisiae BiP gene 6. Although
the complementation data do not directly infer the role of BiP in
plants, they do show that amino acid residues important for BiP
function in yeast have been evolutionarily conserved between
yeast and higher plants and that the His-Asp-Glu-Leu peptide
that may form the signal for retention in the endoplasmic reticu-

non-native conformations.

lum. It is also known that BiP gene is encoded as multigene fam-
ily in higher plants and other organisms. For illustration- yeast
and spinach have only one BiP gene,"'® where as maize, tobacco
and soybean have more than one BiP gene. The BiP RNA level is
enhanced in stress conditions in soybeans (Glycine max L. Merr.)

like external stimuli or the agents that perturb protein folding.”
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It has been demonstrated that plant and animal BiP proteins
behave differently in concentrations of magnesium or calcium.
Maize BiP ATPase activity is enhanced in low concentrations
of calcium but inhibited by high concentrations of calcium or
magnesium, whereas bovine BiP ATPase activity is independent
of calcium or magnesium concentrations.”” The workers also
proved that four acidic residues of the ATPase fragment which
might participate in catalysis (Asp-10 and Asp-199, which are
Mg?** ion ligands; Glu-175 and Asp-206, which are candidates
for a role as catalytic base) have been individually mutated to
both the cognate amide residue (aspartate to asparagine, gluta-
mate to glutamine) and to serine, and the effects of the muta-
tions on the kinetics and structure have been determined.”
For details, see Figure 1, a Cn3D?*? image of a Bovine HSP 70
structure, corresponding to the Protein Data Bank (PDB) entry
INGA. BiP has been shown to be associated with nascent prola-
mine storage proteins in the ER during protein body formation
in rice seeds.?

BiP plays a significant role in folding and assembly of newly
synthesized seed storage proteins. The role of BiP in the fold-
ing and assembly of trimeric phaseolin in developing bean coty-
ledons has been demonstrated.?* They demonstrated that even
in the presence of a significant pool of phaseolin trimers in the
ER, only monomeric phaseolin is detected in association with
BiP. A similar stable association of BiP with unassembled pro-
tein subunits was observed in tobacco protoplasts expressing an
assembly-defective bean phaseolin mutant.”” The authors found
that association of BiP with normal, assembly-competent phaseo-
lin was not observed in the tobacco protoplast system and pro-
vided evidence for the presence of a quality control mechanism
in the ER of plant cells that avoids intracellular trafficking of
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severely defective proteins and hence promotes their
degradation.

BiP mediates an increase in drought tolerance in
soybean and delays drought-induced leaf senescence
26 The authors reported that
the leaves in their transgenic BiP overexpressing lines

in soybean and tobacco.

did not wilt and exhibited only a small decrease in
water potential and delayed senescence. Further,
they concluded that BiP overexpression confers resis-
tance to drought, through an as yet unknown mech-
anism that is related to ER functioning. Recently, it
has been shown that, BiP predominantly expressed
in maturing rice endosperm, acts as not only a chap-
erone but also a stress sensor protein for ER quality
control.?”

GRP94. GRPY94 (Glucose Regulated Protein),
also known as endoplasmin, is a HSP90 protein fam-
ily member found in the ER lumen. The expression
of the protein was found to be upregulated in the
cases of powdery mildew fungal infection in barley.?
Mammalian homologs of GRP94 have implicated
function in cancer progression, autoimmune disease,
Alzheimer’s disease and other stress conditions.?*°
Based on immunoglobulin (Ig) binding studies,
it was found that BiP preferentially binds an early
disulphide intermediate of light chains and dissoci-
ates within a few minutes, GRP94 exclusively binds
fully oxidized molecules and dissociates with a half-
time of 50 min, indicating that GRP94 acts after
BiP.%!

Foldases in the ER: PDI and PPI. Protein disulfide isomerase
(PDI) contains thioredoxin (TRX) domains and act as a catalyst
of disulfide bond formation in the oxidizing environment of the
ER,** hence stabilizing the tertiary and quaternary structures
of protein folding. Plant homologs of PDI when compared with
those in vertebrates, have been found to have conserved active
site (Ala-Pro-Trp-Cys-Gly-His-Cys-Lys) and ER retention signal
(Lys-Asp-Glu-Leu).?3¢ The altered expression profiles in stress
conditions have now been reported in Arabidopsis.”” They have
studied the AtPDI gene expression in different tissues, in response
to chemically induced UPR, and in null mutants of UPR sig-
naling mediators (AtIRE1-2 and AtbZIP60). Their experiments
revealed that expression of six AtPDI genes was significantly up-
regulated by UPR and sharply attenuated by the transcription
inhibitor, actinomycin D, indicating UPR induced AtPDI gene
transcription. Similarly, PDI is induced in alfalfa and tobacco
cells challenged with tunicamycin. In Soybean too, the PDI
expression was found to be upregulated in ER stress conditions,
expressed ubiquitously in tissues like cotyledon.?® Soybean PDI
sequence showed significant conservation of the exon/intron
structure with that of Arabidopsis thaliana and Oryza sativa.
Their results reconfirmed that PDI may play a role in the folding
of storage proteins and functions not only as a thiol-oxidoredac-
tase, but also as molecular chaperone. Multiple sequence align-
ments and phylogenetic analysis of PDI sequences have revealed
10 classes of PDI in plants.”” The structure of several non plant
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Thioredoxin domains (inactive)

Thioredoxin domains (active)

Figure 2. The crystal structure of yeast protein disulfide isomerase (PDB: 2B5E, MMDB:
37123). The Cn3D image features two catalytically inactive thioredoxin domains in-
serted between two catalytically active thioredoxin domains and an acidic C-terminal
tail. The reveals that the four thioredoxin domains are arranged in the shape of a
twisted “U” with the active sites facing each other across the long sides of the “U.” The
inside surface of the “U” is enriched with hydrophobic residues, facilitating interac-
tions with misfolded proteins.

PDI homologs has been solved. The yeast PDI40 (Figure 2) con-
sists of two catalytically inactive thioredoxin domains inserted
between two catalytically active thioredoxin domains and an
acidic C-terminal. The structure reveals that the four thiore-
doxin domains are arranged in the shape of a twisted “U” with
the active sites facing each other across the long sides of the “U.”
The inside surface of the “U” is enriched in hydrophobic residues,
thereby facilitating interactions with misfolded proteins.
Peptidyl-prolyl isomerases (PPI), PPlases or immunophilins
are also been reported in plant ER for example in Vicia faba™ and
Arabidopsis.”” Immunophilins are intracellular receptors for the
immunosuppressants like cyclosporin A, FK506, and rapamy-
cin. PPlases are involved in folding and trafficking of proteins,
particularly those with signal transducing functions and suscep-
tibility to immunosuppressant drugs. The immunophilins have
been used to investigate signaling pathways in yeast, plant, and
mammalian cells. Luan et al.*! have identified a 15 kDa FK506
and rapamycin-binding protein from V. faba (VEFKBP15). The
amino acid sequence of the protein starts with a signal peptide
of 22 hydrophobic amino acids. The core region of VEFKBPI5 is
highly similar to that of yeast and mammalian FKBP13, local-
ized in the ER. VIFKBP15 has a carboxyl-terminal sequence
ending with SSEL, a putative ER retention signal. The mRNA
of VIFKBP15 is ubiquitously expressed in various plant tissues
including leaves, stems, and roots, consistent with the ER local-
ization of the protein. Levels of VEFKBP15 mRNA are elevated
by heat shock, suggesting a possible role for this FKBP member
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under stress conditions. Wu et al.*> demonstrated that Mutations
in TWDI, a arabidopsis immunophilin, caused mislocaliza-
tion of ABC transporters like ABCB1, ABCB4, and ABCB19 to
the ER instead of the plasma membrane as shown by confocal
microscopy of fluorescently tagged fusion proteins and transmis-
sion electron microscopy of immunogold-labeled samples in the
case of ABCB19. However, a very little work has been done on
these proteins in plants.

Calnexin and calreticulin. Calnexins and calreticulins (CRT)
are two closely related calcium-binding molecular chaperones
localized in ER.** Calcium functions as a central node in the over-
all “signaling web” and play important role in stress tolerance in
plant. -4
tration was found to increased, which initiates the stress signal

In response to the stress the cytosolic calcium concen-

transduction pathways for stress tolerance.”” Calnexin along with
calreticulin are quality control systems of protein folding machin-
ery that promotes correct folding of proteins that enter the secre-
tory pathway and targets misfolded proteins for degradation.*®
Calreticulin and calnexin are present in all the green plants and
possibly share a common origin. In green plants the calreticulin
founder gene are known to duplicated in early tracheophytes while
the calnexin founder gene was inherited from basal green algae
during evolution in a very conservative copy number.” The evolu-
tionary history of calreticulin and calnexin genes in green plants
has recently been described.” Calnexins are generally 90 kDa ER
protein consisting of a large N-terminal calcium-binding luminal
domain, a single transmembrane helix and a short acidic cytoplas-
mic tail.*®® The luminal domain shares similarity with calreticu-
lin, hence calnexin was initially identified as membrane anchored
homolog of calreticulin. In plants, Calnexin was first characterized
in Arabidopsis. It has been established that AtCRT1a is an allevia-
tor of the tunicamycin-induced unfolded protein response.’® After
Arabidopsis, the calnexin was also cloned and well characterized
from pea’! Plant calreticulins have been identified in Spinach,*

barley,” tobacco’® and other plant species. Recently, it has been
demonstrated that plant CRTs have a number of specific proper-
ties different from their animal counterparts, highlighting the sig-
nificance of CRTs in plants growth and development as well as
biotic and abiotic stress responses. There are at least two distinct
groups of calreticulin isoforms in higher plants.” Recent work on
Arabidopsis CRT have revealed that the physiological functions of
the two CRT subgroups in Arabidopsis have diverged, resulting
in a role for AtCRT3 in PAMP (Pathogen-Associated Molecular
Pattern) associated responses, and possibly more general chaperone

functions for AtCRT1a and CRT1b.>®
Conclusions

The involvement of ER chaperones and foldases in protein fold-
ing processes in plant cells might have general implications. They
also play an important role in stress signaling and management
in plants. Knowledge about the proteins is of immense impor-
tance to crop scientists working towards development of stress
resistance plants. Few regulatory elements controlling expression
of these important proteins have been identified and very little is
know about how these proteins act selectively on proteins. Results
from new generation high throughput techniques will help recon-
struct the system networks and protein interactions, controlling
expression of these proteins and further our understanding. More
emphasis should also be laid on solving the crystal structures of
these proteins. Overall, the ER chaperones and foldases have now
also emerged as important molecules to understand stress signal-
ing and tolerance in plants.
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