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REVIEW

Cyclophilins
Proteins in search of function
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Cyclophilins constitute a subgroup of large family of proteins
called immunophilins, which also include FKBPs and Parvulins.
They are remarkably conserved in all genera, highlighting their
pivotal role in important cellular processes. Most cyclophilins
display PPlase enzymatic activity, multiplicity, diverse cellular
locations and active role in protein folding which render
them to be included in the class of diverse set of proteins
called molecular chaperones. Due to their distinct PPlase
function, besides protein disulfide isomerases and protein
foldases, cyclophilins have been deemed necessary for in
vivo chaperoning activity. Unlike other cellular chaperones,
these proteins are specific in their respective targets. Not all
cyclophilin proteins possess PPlase activity, indicating a loss of
their PPlase activity during the course of evolution and gain
of function independent of their PPlase activity. The PPlase
function of cyclophilins is also compensated by their functional
homologs, like FKBPs. Multiple cyclophilin members in plants
like Arabidopsis and rice have been reported to be associated
with diverse functions and regulatory pathways through their
foldase, scaffolding, chaperoning or other unknown activities.
Although many functions of plant cyclophilins were reported
or suggested, the physiological relevance and molecular
basis of stress-responsive expression of plant cyclophilins is
still largely unknown. However, their wide distribution and
ubiquitous nature signifies their fundamental importance
in plant survival. Several of these members have also been
directly linked to multiple stresses. This review attempts to
deal with plant cyclophilins with respect to their role in stress
response.

Introduction

Cyclophilins, one of the three protein subfamilies of immu-
nophilin superfamily, (besides FK506 binding proteins and
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Parvulins) consist of highly conserved proteins, many but not all
of which possess peptidyl prolyl cis-trans isomerase (PPlase) or
rotamase activity.! They are categorized as immunophilins owing
to their ability to bind specific immunosuppressant molecules of
fungal origin. The cyclophilins (Cyps) bind cyclosporin A (CsA),
a cyclic undecapeptide, the FK506-binding proteins (FKBPs)
bind macrolides such as FK506 (tacrolimus) and rapamycin that
are structurally unrelated to CsA,* while the third group of pro-
teins, Parvulins bind Juglone, 5-hydroxy-1,4-naphthoquinone
which irreversibly inhibits the enzymatic activity of several par-
vulins.? Cyclophilins are the first subfamily of immunophilins
discovered in Bovine thymocytes.! They were initially discovered
as ligands for immunosuppresent drugs and later recognized for
their PPlase activity.’ Cyclophilins and FK506-binding proteins
(FKBPs) have structurally distinct PPlase domains that are unre-
lated in their amino acid sequence. The drugs bind to the cata-
lytic pocket of the PPlase domain and inhibit the PPlase activity.
Additionally, the drug-immunophilin complexes, Cyp-CsA
and FKBP-FK506, dock onto protein phosphatase 2B (PP2B)
(also known as calcineurin), thereby inhibiting the phosphatase
activity of PP2B.¢ It results in the elevated phosphorylation of a
number of PP2B substrates; as a consequence, immunologically
important genes remain silent, suppressing the immune reac-
tion. The drug-dependent functions, which gave rise to the name
“immunophilin,” have clinical but no physiological relevance.”
Biochemical and sequence analyses have led to the identification
of a novel family of chimeric immunophilins that contain both
Cyp and FKBP domains. Due to their dual nature, these latter
enzymes should be named as FCBPs (FK506 and CsA binding
proteins).® Despite the apparent difference in their sequence and
three-dimensional structure, the three families encode similar
enzymatic and biological functions. Recent studies have revealed
that many immunophilins possess a chaperone function indepen-
dent of PPlase activity.

Cyclophilins (PPlases) are Ubiquitous Proteins
and Perform Diverse Functions

The term “Peptidyl-prolyl cis-trans isomerases” (PPlases) is used
interchangeably for cyclophilins, FKBPs as well as Parvulins.
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The identification of the first protein that showed PPlase activity
over 27 y ago’® was reported from bovine thymocytes as an intra-
cellular protein with a high affinity for the immunosuppressive
drug cyclosporin A (CsA).* Five years later, 18 kDa protein with
PPlase activity and CypA were found to be one and the same.’
All cyclophilins share a conserved domain, the cyclophilin-like
domain (CLD). Although cyclophilins have been implicated in
apoptotic genome degradation through their nuclease activity
which in turn requires direct binding to DNA,!° this cannot be
attributed to all cyclophilins unless they are explored for their
nuclease activity. Cyclophilins possessing nuclease activity have
two different active sites in spite of their relatively small molecu-
lar size. One site is responsible for their peptidyl-prolyl cis-trans
isomerase activity, and the other active site is capable of cata-
lytic degradation of DNA in a calcium/magnesium-dependent
manner.”’ The larger members of each family are modular in
nature, having multiple PPIase and/or protein-protein interac-
tion domains or domains unique to each member of the family
that are associated with subcellular compartmentalization and
functional specialization."

Depending upon the functional modules present, cyclophilins
have been broadly divided into two classes viz. single domain
cyclophilins and multidomain cyclophilins. Single domain
cyclophilins are characterized by the presence of a single catalytic
CLD exhibiting PPlase activity. Multidomain cyclophilins, in
addition to a conserved CLD, possess other functional domains
like WD40, TPR, RRM, Zinc Finger etc.

Cyclophilins are ubiquitous proteins'? found in mammals,
plants, insects, fungi and bacteria; they are structurally con-
served throughout evolution and most of them, if not all, have
PPlase activity. There are total of 16 cyclophilin isoforms in
human genome, 7 major cyclophilin isoforms in humans include
hCypA (also called hCyp-18a, 18 denotes molecular mass of 18
kDa), hCypB (also called hCyp-22/p, 22 kDa), hCypC, hCypD,
hCypE, hCyp40 (40 kDa) and hCypNK (first identified from
human natural killer cells)." Little is known about the genomic
structure of human cyclophilin genes; they are generally not
linked to each other in the genome. Drosophila has at least 9
cyclophilins,! C. elegans has 11, whereas 8 cyclophilins, Cprl-
Cpr8, have been found in Saccharomyces cerevisiae.

Cyclophilins are present in all cellular compartments,' involved
5 recep-
tor complex stabilization,'® apoptosis,” receptor signaling,'® RNA

in processes including protein trafficking and maturation,

processing,” muscle differentiation, detoxification of reactive oxy-
gen species (ROS),? immune response,? spliceosome assembly,?
miRNA activity?” and RISC assembly.?* Cyclophilins also have
proposed functions in facilitating protein folding and trafficking.”
Some of the cyclophilin members may serve as scaffolding proteins

26 The diverse roles

for assembly of large supramolecular complexes.
and still emerging novel functions suggest that the cyclophilins in
plants encompass far more functions than already defined function
of protein folding. However, the mechanisms of how cyclophilins
contribute to these cellular events have been difficult to establish
and are still largely unknown.

The 18-kDa archetypal cyclophilin CypA is cytosolic and

found in all tissues, whereas other cyclophilins, whether they
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have a CLD alone or in combination with other domains, are
found in the endoplasmic reticulum (ER), the mitochondria or
the nucleus. The crystal structures of several cyclophilins have
been determined.” Human CypA has an eight-stranded antipar-
allel-barrel structure, with two helices enclosing the barrel from
either side. Seven aromatic and other hydrophobic residues form
a compact hydrophobic core within the barrel, usually in the
area where CsA binds. A loop from Lys118 to His126 and four
B-strands (33-B6) make up the binding site for CsA.* The over-
all structure of hCypB resembles that of hCypA, the main differ-
ence being in the two loop regions (residues 19-24 and 152-164)
and at the amino and carboxyl termini.? Murine CypC also has
a structure similar to that of hCypA, differing mainly in the con-
formation of three surface loop regions.>® The large cyclophilin
Cyp40 consists of a CLD with a structure similar to that of
hCypA linked to tetratricopeptide repeats (TPRs), which are also
found in proteins involved in stress responses.*’

Cyclophilins (PPlases): Role in Protein Folding

Protein folding in vitro is mediated by an array of proteins that
act as molecular chaperones, as foldases or both.** For many
proteins, in vitro folding is a spontaneous process that does not
require energy or assisting factors.”> However, protein folding
in vivo is a more complex process and may require ATP and is
aided by several proteins. The foldases are catalysts accelerating
slow steps in the folding by rearrangements of disulfide bonds
brought in by disulfide isomerases or isomerisation of prolyl pep-
tide bonds by PPlases.* Protein disulfide isomerase activity has
generally been found associated with the ER of lower eukaryotes
and mammals while proteins with PPlase activity have wider
distribution.” In folded proteins, the peptide bonds occur in two
conformations, cis or trans, and the dihedral angles for the rota-
tion about the CN bond are tightly clustered around 0° (¢7s) and
180° (trans).* Peptide bonds not preceding proline are almost
always trans in folded proteins, but 5.7% of all Xaa-Pro peptide
bonds show the ¢is conformation in the proteins with known
3D structure.”” There is good evidence now that during slow
isomerisation steps in protein folding, cyclophilins stabilize the
cis-trans transition state and accelerate isomerisation (Fig. 1), a
process that is considered important not only in protein folding
but also during the assembly of multidomain proteins.®® Protein
folding requires the assistance of both foldases and molecular
chaperones and, in some cases cyclophilins serve in both capaci-
ties in the maintenance or assembly of supermolecular com-
plexes. Cyp40 is capable of maintaining the protein in a folding
competent state with efficiency comparable to that of hsp90.
Interestingly, the molecular chaperoning activity of Cyp40 was
not suppressed by CsA, which indicates that it may be separate
from its peptidyl-prolyl cis-trans isomerase activity.” Studies in
yeast and mammals have shown that the Cyp40 protein has both
PPlase and protein chaperone activity and it binds to HSP90
via its TPR domain.*” AtCyp38 is involved in accumulation of
PSII supercomplex.”! Cyp20-3 of chloroplast stroma has been
shown to assist the folding or assembly of SAT1 enzyme to form
the hetero-oligomeric complex between cysteine synthase and
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Trans form

Cis form

cyclophilins and other peptidyl-prolyl isomerases (PPlases).

Figure 1. A schematic illustration of the trans and cis isomers of the peptidyl prolyl bond. The interconversion between the two forms is catalyzed by

OASTL, the cysteine synthase complex.> Experiments with iso-
lated mitochondria from Saccharomyces cerevisiae and Neurospora
crassa indicated that the PPlase activity accelerates the refolding
of dihydrofolate reductase that was imported into the mitochon-
drial matrix.* Additionally, in yeast, cyclophilin Cpr3 deletion
mutants exhibited slower rates of refolding.** Slower growth
rates were also reported for yeast strains lacking FKBP12 and
the cyclophilin 40 homolog, Cpr7.# As cis-trans isomerisation of
peptide bonds takes place spontaneously, and at a much slower
pace, it is possible that cyps are not absolutely required under
normal conditions. Rather, they might be generally required for
selective prolyl peptide bond isomerisation in processes where
fast changes in protein-protein interactions or protein phosphor-
ylation/dephosphorylation take place.

Regardless of their origin, the structural conservation of
cyclophilins throughout evolution and the PPlase activity of all
members, underlines the importance of this enzymatic reaction.
Unlike chaperones, PPlases are classical enzymes. They do not
require energy (ATP) and in their enzymatic properties follow
the simple Michaelis-Menten kinetics. Studies have shown that
conformational folding steps and prolyl isomerisation are mutu-
ally interdependent.”” The close relationship between structure
formation and prolyl isomerisation is a key feature of these slow
folding steps and is of central importance for understanding
the role of PPlases in these processes.” Cyclophilins not only
catalyze the rate-limiting steps in the folding pathway but also
participate in the folding process as chaperone.” Chaperone like
activity has been associated with several PPlases.”® Some chlo-
roplast immunophilins have also been postulated to comprise a
target of the thioredoxin system: as cysteine-containing protein
foldases, they may provide a link between protein tertiary struc-
ture formation and chloroplast redox state.

Cyclophilins (PPlases) in Plants
Plant cyclophilins were first identified in 1990 with the isola-
tion of cyclophilin cDNA sequences from tomato (Lycopersicon

esculentum), maize (Zea mays) and oilseed rape Brassica napus.®
Photosynthetic organisms harbour a significantly large number
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of cyclophilins e.g., 29 in Arabidopsis, 27 in rice and 26 in
Chlamydomonas indicating toward some function specific to
plants. The largest cyclophilin family identified in any organ-
ism to date has been reported from a higher plant, Arabidopsis.
Usually, a large number of cyclophilins are targeted to thylakoid
lumen e.g., five in Arabidopsis, largest immunophilin family
in any cellular organelle. The first direct role for any immu-
nophilin in a photosynthetic process was reported for TLP40,
a multifunctional enzyme involved both in chloroplast biogen-
esis and intracellular signaling. TLP40 is also so far the best-
characterized plant cyclophilin, a multidomain spinach 40 kD
thylakoid lumenal protein that contains a poorly conserved
C-terminal cyclophilin domain, a predicted N-terminal Leu
zipper and a phosphatase-binding domain. TLP40 plays a key
role in turnover of the D1 photosystem II protein by regulating
its dephosphorylation.’* Several Arabidopsis cyclophilin proteins
have been functionally characterized. AtCyp38, Arabidopsis
homolog of the extensively characterized spinach TLP40, plays
a critical role in the assembly and maintenance of photosys-
tem II (PSII) supercomplexes (SCs) in Arabidopsis.” Mutant
plants with the AzCyp38 gene interrupted by T-DNA insertion
showed stunted growth and were hypersensitive to high light.
Leaf chlorophyll fluorescence analysis and thylakoid membrane
composition indicated that cyp38 mutant plants had defects in
PSII SCs.* The Arabidopsis cyclophilin Cyp20-3 (also known as
“ROC4”) is located in the stroma (soluble phase) of chloroplasts
and it was found to be hypersensitive to oxidative stress condi-
tions created by high light levels, rose bengal, high salt levels and
osmotic shock. Cyp20-3 is shown to link light and stress to ser-
ine acetyl transferase (SAT1) activity and cysteine biosynthesis.
Consequently, Cyp20-3 links photosynthetic electron transport
and redox regulation to the folding of SAT1, thereby enabling
the cysteine-based thiol biosynthesis pathway to adjust to light
and stress conditions.”” Recent mass spectroscopy studies iden-
tified peptidyl-prolyl cis-trans isomerase (PPlases) as potential
molecular chaperones functioning in the phloem translocation
stream.” Castor bean phloem cyclophilin, ReCypI that has high
peptidyl-prolyl cis-trans isomerase activity and it plays a role in
the refolding of non-cell-autonomous proteins after their entry
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into the phloem translocation stream. RcCypl belongs to the
cytosolic cyclophilin family’* and it functions within the con-
text of the phloem translocation stream.”® Recently, a gravitropic
tomato mutant (diageotropica) with a defect in auxin signaling
for plant growth, development and stress response was found
to be mutated in a cytosolic cyclophilin, LeCypl>® Peptidyl
prolyl cis-trans isomerase (PPlase) activity was also detected
in the cytosol, mitochondria and chloroplast of pea plants.®
Wheat Cyp-45 was specifically induced during combined stress
treatment, suggesting that cyclophilins may be the potential
candidates to be exploited in making various strategies for engi-
neering stress tolerance in plants.”” ArCyp59 and its orthologs
from different organisms belong to a family of modular pro-
teins consisting of a peptidyl-prolyl cis-trans isomerase (PPlase)
domain, followed by an RNA recognition motif (RRM), and a
C-terminal domain enriched in charged amino acids. AzCyp59
interacts with the C-terminal domain (CTD) of the largest sub-
unit of RNA polymerase II. Ectopic expression of the tagged
protein in Arabidopsis cell suspension resulted in highly reduced
growth that is most probably due to reduced phosphorylation of
the CTD. It suggests a possible function of AtCyp59 in activities
connecting transcription and pre-mRNA processing.'® Cyp71
regulates plant morphogenesis and serves as a histone remodel-
ling factor involved in chromatin based silencing. Thus, indi-
cating that cyclophilin like foldases play a fundamental role in
the chromatin regulating processes that influence the expression
of regulatory genes.’® Proteomic, enzymatic and mutant analy-
ses revealed that peptidyl-prolyl isomerase (PPlase) activity in
the chloroplast thylakoid lumen of Arabidopsis is determined
by two immunophilins: ArCYP20-2 and AtFKBPI3. Profound
redox-dependence of PPlase activity implies oxidative activa-
tion of protein folding catalysis under oxidative stress and pho-
tosynthetic oxygen production in the thylakoid lumen of plant
chloroplasts.” The data from different organisms leads to the
conclusion that cyclophilins besides playing an essential role in
protein folding may perform specific functions through interac-
tions with unique sets of restricted partner proteins.

Genome Wide Analysis of Cyclophilin Genes
in Higher Plants

Cyclophilins are present as large multigene families in plants.
Few cyclophilins and FKBPs members have been found to be
produced specifically in the green tissues and induced by light
when etiolated seedlings were illuminated. These immunophilin
proteins were shown to be chloroplast residents.?> Comparative
genomic tools have established that the divergence of red and
green algae led to a steep increase in the number and diver-
sity of immunophilin isoforms in photosynthetic organisms."”
Remarkably, a total of 52 putative immunophilin isoforms have
been reported in Chlamydomonas reinhardtii genome with a high
number of distinct orthologs of Arabidopsis immunophilins
among them.® Genome wide analysis of cyclophilin gene mem-
bers has been done in few plant species where complete genome
sequence is available. It has been attempted in Arabidopsis® and

62

rice.®* In Arabidopsis, 29 different cyclophilin gene members
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have been reported which yield 39 protein products. However,
rice Cyp gene family has 27 genes which encode 46 protein
products suggesting a higher incidence of alternative splicing.
In our laboratory, few new members from both Arabidopsis and
rice genomes have been predicted using bioinformatic analysis
(data unpublished). In silico analysis of cellular localization
of these proteins indicates toward their distribution in diverse
cellular organelles thereby suggesting their specific and diverse
cellular functions. However, majority of the proteins encoded
by these genes were found to be cytosolic in both Arabidopsis
and rice. Though, several Arabidopsis cyclophilin members have
been functionally characterized as discussed eatlier, only one
member has been functionally characterized in rice.®*®* Other
immunophilin protein family, FKBPs have also been reported
in Arabidopsis, wheat and rice. With the availability of com-
plete sequences of more plant genera, concerted efforts need to
be done to gain in-depth understanding of functional relevance
of presence of such large cyclophilin gene families in plants.

“Loss of Function” Studies for Inmunophilin Genes

Although cyclophilin genes show high level of conservation
across genera in both prokaryotes and eukaryotes, few are indis-
pensible for growth and development under normal conditions.
An octuplet yeast mutant lacking all 8 cyclophilins was viable,
contrary to the expectation that cyclophilins are indispensable.
However, in yeast, absence of cytosolic cyclophilin members has
been found to be concomitant with enhanced heat sensitivity.®
Higher organisms are more seriously affected by cyclophilin gene
deletion. “Loss of function” mutants have been studied widely in
PPlase proteins particularly in FKBPs. FKBP12 mice mutants
show early embryonic death due to cardiac defects. FKBP42
and FKBP70 show severe morphogenic defects in Arabidopsis.
PAS1 (AtFKBP70) leads to tumor growth in plants indicating
its role in cell division and cell differentiation.®® The Arabidopsis
FKBP42 “loss of function” mutant twisted dwarf 1 (twdl) dis-
plays a drastic reduction of cell elongation combined with dis-
oriented growth behavior of all plant organs.®” In contrast, only
few mutants have been reported for plant cyclophilin genes. In
Arabidopsis, AtCyp40 function has been demonstrated in vivo
using a reverse genetics approach; its primary structure is char-
acterized by three C-terminal tetratricopeptide repeats and a
conserved cyclophilin domain.®® Loss of function mutants of
AtCyp40, show defects in the transition from the juvenile to
adult stages of vegetative development as well as in inflorescence
morphology.?> The rocl and rocl-D loss of function mutants
in Arabidopsis show altered patterns of phosphorylation of the
transcription factor BES1, a known point of control of sensitivity
to brassinosteroids.”” Atcyp20-3 mutants show enhanced sensi-

tivity to oxidative stressors.?

Cyclophilins: Stress Dependent Regulation
and Genetic Manipulation

Cyclophilin expression has been shown to be induced by both
biotic and abiotic stresses including HgCl,, viral infection,
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Table 1. A few reports where overexpression of cyclophilin genes isolated from diverse genera has been implicated in enhanced stress tolerance

Cyclophilin Gene Source Host for Overexpression
Cyp D Rat Xenopus
OsCyp2 Oryza sativa E. coli, Yeast
OsCyp2 Oryza sativa Oryza sativa
ThCyp1 Thellungiella halophila BY2 cells Tobacco, Yeast
GjCyp1 Griffithsia japonica Tobacco
GhCyp1 Gossypium hirsutum Tobacco
CcCYP Cajanus cajan Arabidopsis
Cpri Saccharomyces cerevisiae ~ Saccharomyces cerevisiae

ethephon (an ethylene releaser), salicylic acid, salt stress, heat
and cold shock,” light,**>* drought,”" wounding, fungal infec-
tion, abscisic acid and methyl jasmonate.”” AtCyp5 is localized
in ER, expressed mainly in young stems especially in the apical
region and weakly in leaves and roots and it is induced by cold
stress and salt stress, but not by heat stress.”? Bean cyclophilin
expression has been reported to be induced in response to sali-
cylic acid, ethephon and might play a role in defense mecha-
nisms.”? The expression of 7hCypl is highly induced by salt,
abscissic acid, H,0, and heat shock.”* Arabidopsis cyclophilin
gene, AtCyp20-3 expression is regulated by high intensity light.®!
PCypB, a chloroplast localized cyclophilin from fava bean
is induced in response to heat shock. Transcript of GjCyp-1
is induced by plant hormones such as gibberellic acid (GA3),
indoleacetic acid (IAA) and zeatin (ZA). Constitutive overex-
pression of GjCyp-1 appeared to be beneficial to seed germi-
nation.”” Rice OsCyp2 gene has been shown to be induced by
multiple abiotic stresses.®*¢

Few studies have now established a direct co-relation of
cyclophilin overexpression with that of stress protection.
Table 1 presents some recent examples where overexpression of
cyclophilin gene in diverse organisms has resulted in enhanced
tolerance toward various stresses. Overexpression of CypD in
Xenopus has been shown to provide tolerance toward oxidative
stress. Point mutations in CyPD that eliminated PPlase activ-
ity did not have similar protective effects, clearly demonstrating
that CyPD requires functional PPlase activity.” Overexpression
of ThCypl, a single domain, nuclear localized cyclophilin iso-
lated from Thullengiella halophila in BY2 tobacco cells and yeast
provides multiple abiotic stress tolerance.” GjCyp-1 from the red
alga (Griffithsia japonica), was overexpressed under CaM V35S
promoter in Nicotiana tabacum. The ratio of emergence of
cotyledon from seeds overexpressing GjCyp-1 was almost three
times higher than that of transgenic seeds carrying only the
vector. In addition, it was found that seedlings overexpressing
GjCyp-1 showed thermotolerance and transgenic plants were
short statured with altered root system.”> Overexpression of rice
cyclophilin gene, OsCyp2, has been shown to enhance multi-
ple stress tolerance in E. coli and S. cerevisiae.> Rice OsCyp2
gene has also been shown to impart salinity tolerance to rice
plants.** Overexpression studies with GHCypl performed in
tobacco showed its role in salinity stress protection as well as
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Tolerance Conferred Reference
Oxidative stress 17
Multiple abiotic stresses 63
Salinity tolerance 64
Multiple abiotic stresses 74
Heat stress 75
Salinity, Psuedomonas syringae pv tabaci 76
Multiple abiotic stresses 77
Cadmium, cobalt, copper, hydrogen peroxide, tert-butyl 78

hydroperoxide and sodium dodecyl sulfate

enhanced tolerance to Psuedomonas syringae pv tabaci infec-

tion.”®

Overexpression of CcCypl, isolated from Cajanus cajan,
in pigeon pea lead to a marked increase in its ability to withstand
abiotic stresses.”? Yeast cyclophilin gene, Cprl, provides stress
tolerance to a range of stressors including cadmium, cobalt,
copper, hydrogen peroxide, tert-butyl hydroperoxide (¢BOOH)
and sodium dodecyl sulfate (SDS) when overexpressed in
Saccharomyces cerevisiae.”

However, the mechanism by which cyclophilins participates
in stress protection is not clear yet. Because cyclophilins pos-
sess the PPlase activity that catalyzes the rate limiting step in
protein folding, one possible function of cyclophilins may be
to act as chaperone-like proteins to facilitate the folding of
stress related proteins or to protect these proteins from proteo-
lytic degradation or aggregation under stress conditions as has
been predicted for some other cyp member, e.g., AtCyp20-3.>*
A hypothetical model proposing possible mechanisms through
which cyclophilins exert their stress protective properties, based
on studies conducted on cyclophilin genes from diverse genera,
has been illustrated in Figure 2. To further understand the role
of cyclophilins in stress responsive signaling, experiments need
to be undertaken to study loss of function mutants of cyclophil-
ins as well as their interaction with other protein components.
Such studies will provide a greater insight into the mechanism of
stress tolerance involving cyclophilins in plants.

Conclusions

Cyclophilins, a subfamily of peptidyl-prolyl isomerases, highly
conserved ubiquitous protein folding catalysts were discovered
as ligands for immunosuppressive drugs. Presence of such pro-
teins in plant system that too as large multigene families was
intriguing as well as perplexing. Probably this apparent anomaly
served as an impetus for several studies in plant cyclophilins
worldwide. These studies established that cyclophilins entail a
range of novel functions not yet fully understood. Since protein
foldases have directly been linked to stress response, involvement
of cyclophilins in stress response was investigated by several
workers. These studies provided a basis for a positive correla-
tion between this protein family and stress protection. But the
underlying mechanism which is targeted by cyclophilin proteins
to bring about stress protection has not been worked out yet.
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Figure 2. A hypothetical model for cyclophilin mediated stress protective mechanism operative at cellular level. Cyclophilin proteins possibly employ
diverse strategies to prevent stress-induced injury via its gene regulatory and repair pathways.

Besides stress protection, a number of these plant proteins have
been found to play diverse but specific roles. This presents the
most basic question about their role in stress response pertaining
to their specificity. Do they control specific pathways or they
perform a more generalized function in maintaining the correct
conformation of newly formed proteins under stress condition?
Additionally, does the presence of multiple members provide
redundancy to compensate for loss of any particular member?
Since many of the smaller stress induced proteins of this fam-
ily have also been shown to be localized in the nucleus, there
is a possibility that they might also act as regulatory proteins.
However, studies on the precise role of these proteins are still
in infancy stage and these issues can only be addressed through
integrated functional genomics, proteomics and metabolomics
approaches. The search for their interacting partners under
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