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The endoplasmic reticulum (ER) is a central organelle entrusted with lipid synthesis, protein folding
and protein maturation. It is endowed with a quality control system that facilitates the recognition
and targeting of aberrant proteins for degradation. When the capacity of this quality control system

is exceeded, a stress response (ER stress) is switched on. Prolonged stress leads to apoptosis and
may thus be an important factor in the pathogenesis of many diseases. A complex homeostatic
signalingpathway, known as the unfolded protein response (UPR), hasolved to maintain a balance
between the load of newly synthesized proteins and the capacity of the ER to aid in their maturation.
Dysfunction of the UPR plays an important role in certain diseases, especially those involving
tissues dedicatedo extracellular protein synthesis. Diabetes is aaxample of such a disease, since
pancreatic B-cells depend on efficient UPR signaling to meet the demands for constantigrying
levels of insulin synthesis. Recent studies have indicated that the importance of the UPR in diabetes
is not restricted to the B-cell but also to tissues of peripheraihsulin resistance such as liver and
adipose tissue. Better understanding of the basic mechanisms of ER stress and development of
insulin resistance/type 2 diabetes is pivotal for the identification of newer molecular targets for
therapeutic interventions.
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Diabetes mellitus (DM) is a metabolic disorder multifactorial disorder and several different
characterized by varying or persistent mechanisms have been implicated in the
hyperglycaemia due to reduced insulin action. The development of the disease. But the precise
underlying defect may be decreased secretion ofmolecular events underlying this phenotype still
insulin, its impaired signaling or both. Type 1 remain obscure. Among other important causes,
diabetes is known to result from an excessive loss ofautoimmune and inflammatory processes have been
pancreaticp-cells while type 2 diabetes is a reported to selectively disruf}-cells and cause
consequence of-cell dysfunctiod. Diabetes is a insulin deficiency and hyperglycaemia and
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subsequent typel diabetes. Insulin resistance, ofterattachment area from surrounding proteins and more
associated with obesity and physical inactivity, is a importantly, the oligosaccharides interact with the
major factor in the progression of type2 diabetes. peptide backbone and stabilize its conformatidhe
Accumulating evidence suggests that apoptosis maymost important role for glycosylation seems to be in
be the main mode db-cell death in both types of its ability to aid the ‘Quality Control’ apparatus of
diabete%®. Recent studies point to the role of the the ER. While properly folded and assembled
endoplasmic reticulum (ER) in the sensing and proteins are cleared for exit from the ER and progress
transduction of apoptotic signals. This review focusesdown the secretory pathway, incompletely folded
on ER stress and its involvement in the developmentproteins are retained to complete the folding process
of diabetes mellitus. or to be targeted for degradation in a process termed
quality control®. The glycosylation status is
Endoplasmic reticulum - A specialized protein  monitored by a lectin machinery, the calnexin-
folding compartment calreticulin cycle, an arm of the quality control
apparatus of the ERThis determines whether the
ER is the first compartment of the secretory protein is exported to the Golgi or targeted for
pathway in eukaryotic cells. The lumen of the ER degradation. In addition to these lectins, ER protein
provides a specialized environment for the post- folding machinery consists of two other classes of
translational modification and folding of secreted, proteins, foldases, (enzymes catalyzing protein
transmembrane and resident proteins of variousfolding) and molecular chaperones (proteins that
compartments. The ER is a membrane enclosedacilitate protein folding by preventing aggregation).
compartment with a luminal space that is BiP/GRP78, a molecular chaperone that belongs to
topologically equivalent to the extracellular space. the HSP70 class of chaperones, plays a vital role in
Proteins destined for the ER bear a predominantlythe recognition of unfolded proteins and therefore,
hydrophobic signal sequence and guided by it,is a key player in ER stress
traverse the ER membrane either co- or post-
translationally through the Sec61p comgtexThis In addition to its role in protein folding, ER is
sets into motion a complex folding pathway which also the site of sterol and lipid synthésiand also
finally helps the protein fold into its native serves as a cellular @astoré!. In principle,
conformation. While a number of post-translational disruption of any of these processes could lead to
modifications including lipidation, hydroxylation, ER stress but currently there is very little known in
oligomerization,etc., occur in the ER, disulphide this regard. Traditionally though, the major focus has
oxidation and N-linked glycosylation are among the been on ER stress caused by disruption of protein
general modifications that are common to the folding.
majority of secreted proteins. The ER lumen has a
highly oxidizing environment and facilitates Unfolded protein response - A stress buster for
disulphide bond formation. Disulphide bonds are cells
important for the stability and function of a large
number of proteins. Disulphide oxidation in the ER Cells depending on their type and physiological
is catalyzed by protein disulphide isomerases (PDI).state would be required to process varying loads of
Similarly, glycosylation is a vital part of protein ER client proteins and they adapt to this variation by
folding and serves several important purposes; themodulating both the capacity of their ER and the
hydrophilic nature of carbohydrates facilitates greater synthesis of client proteins. Disequilibrium between
solubility of glycoproteins and defines the attachment this ER load and folding capacity is referred to as
area for the surface of the protein. The large hydratedER stress. The ability to adapt to physiological levels
volume of the oligosaccharides helps shield theof ER stress is important to cells, especially to
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professional secretory cells like the insulin producing machinery,e.g, overexpression of factor VH,
B-cells. Anincrease in the synthesis of client proteins antithrombin [P, Even in some physiological
triggers ER stress as do several pathophysiologicakonditions, the demand on the ER resident protein
states like hypoxia, exposure to natural andfolding machinery exceeds its capacitg.g.
experimental toxins and a variety of mutations that differentiation of B-cells into plasma cefls Some
hinder proper folding of client proteitts® Studies  of the other conditions known to trigger ER stress
have established that expression of mutant, folding-and activate UPR are glucose deprivation, aberrant
incompetent proteins causes ER stress and elicits a€a* regulation, viral infectionsetcs.

ER stress response, called the unfolded protein

response (UPRYY. The initial intent of the UPR is The adaptive mechanisms employed to combat
adaptation and restoration of the normal ER function.ER stress and restore normal function include
The failure of such adaptative mechanisms leads toupregulation of the folding capacity of the ER and
alarm signaling and finally to cell suicide, usually in downregulation of its biosynthetic capacityAt

the form of apoptosis, as a last resort to do awayleast four distinct responses that constitute the UPR
with dysfunctional cells. This is the biochemical basis have been identified so far(Fig. 1). The first

for many ER storage disea¥&4 Activation of UPR response involves upregulation of the genes
can be brought about by the exhaustion of theencoding ER chaperone proteins including BiP/
capacity of the complex ER resident protein folding GRP78 and GRP94. This helps increase protein

Translational attenuation
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Fig. 1. The ER stress response. The unfolded protein response involves four distinct processagage in the protein folding
capacity through transcriptional induction of ER chaperorigstgduction of the biosynthetic load by translational attenuatian; (
degradation of the misfolded proteins by ERAD; arnjig§poptosis, as a last resort, to eliminate infected cells and maintain homeostasis.
ERAD, endoplasmic reticulum-associated degradation.
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folding activity and prevents protein aggregation. Transduction of the UPR signal

The second response consists of translational

attenuation to reduce the biosynthetic load and thus  Transduction of the UPR signal across the ER
prevents further accumulation of unfolded proteins. membrane is carried out by three transmembrane
The third response is the degradation of misfoldedproteins (Fig. 2)i) IRE1 (inositol requiring ¥, a
proteins by ER-associated degradation (ERAD). type | transmembrane proteinj)(PERK [double-
Terminally misfolded proteins which cannot be stranded RNA-activated protein kinase (PKR) - like
refolded in the ER are retro-translocated into theendoplasmic reticulum kinasé] and {ii) ATF6
cytosol and degraded by the proteasomes. Wheractivating transcription factor &) a type Il
these responses fail to remedy the ER stressiransmembrane protein.

apoptosis, the fourth response is resorted to, in a

bid to eliminate unhealthy or infected cells and The ER luminal domains of IRE1 and PERK
maintain proper development and differentiation. share a small degree of homology conserved

E L
R D> <
L
U
M .y
NRF2 =Ny Anti Oxidant response
N \/
elF2 e d Translation B 4  G2/M progression
ATF64/p | ATF4 [ AARE, CHOP, ATF3
G
SRF —> ANF
0 o Kl — EKa
L .
G ATF64/B ATF6 (N) —\> BiP, CHOP, Herp, XBP-1
I / mmn gl lipogenesis

Fig. 2. Overview of the ER stress signaling pathways. Activation of protective responses by UPR involves signal transduction
through the IRE1, PERK and ATF pathways. The IRE1 pathway regulates chaperone induction and ERAD in response to ER stress.
The PERK pathway through its actions on elF2 and NRF2 influences general translation and contributes to cell survival during ER
stress. ATF6 acts as a transcription factor and regulates important targets Hi€h ¥BP-1 and CHOP. AARE, amino acid

response element; ANF, atrial natriuretic factor; ATF, activating transcription factor; CHOP, C/EBP homologous protein; HAC1,
homologous to ATF/CREB1; NRF2, nuclear factor erythroid 2-related factor 2; SRF, serum response factor.
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throughout all eukaryotes and act as ER stressXBP-1 dependent signaling pathway, upregulates
regulated homodimerization doma#is BiP the secretory apparatus in cells and defective
remains associated with the luminal domains of signaling in this pathway would affect professional
IRE1 and PERK in their inactive stdteUpon ER  secretory cells such as islgtcells.

stress, the large excess of unfolded proteins in the

ER lumen necessitates BiP dissociation and thePERK PERK pathway, on the other hand, plays a
resultant oligomerization of IRE1 and PERK leads major role in the translational attenuation and
to activation of the proximal signal transducers. subsequently the regulation of protein synthesis in
ATF6, identified by Mori and colleagu®ss also ~ response to ER strédsThis is brought about by a
regulated by BiP, albeit in a slightly different way. decreased activity of the eukaryotic initiation factor
BiP binds to the Golgi localization signals (GLS) 2 (eIF2) complex, which normally recruits charged
on ATF6 and thus retains it in the ER. During ER initiator methionyl tRNA to the 40S ribosomal unit.

stress, BiP dissociates, causing ATF6 to transport”hosphorylation of elF2 complexsubunit on serine
to the Golgi and get activatéd 51 has evolved as a major mechanism for reducing

translation initiation and protein synthesis in

IREL Chaperone induction and ERAD, in response eukaryotes. ER stress mediated phosphorylation of

to ER stress, are regulated by the IRE1 pathway 8/F2 is carried out by PERK. As IREEERKon

IRE1, in addition to its ER luminal dimerization dissociation from BiP, oligomerizes and
domain, consists of cytosolic kinase and phosphorylates its substrate proteins, etFand the

endoribonuclease domains. After dissociation from transcription factor, NrfZ. Phosphorylation of elfe2

BiP, IRE1 oligomerizes and activates its RNase shuts off general translation while that of Nrf2

domain by autophosphorylati#® In yeast, this contributes to survival of cells during ER stress.
eventually leads to splicing of its substragac1 ~ While phosphorylation of elr2 shuts off majority

mRNA%, Spliced Haclp binds to the unfolded ©f the protein synthesis, it also seeks to de-repress,

protein response element (UPRE) and upregulateéJnder stress conditions, some mRNAs that are
ER chaperone gen®&sThere are two mammalian otherwise basally repressed. ATF4 mRNA, for

IRE1 proteins and both participate in ER stress €X@mple, is activated dur'ing ER stress a.nd
signaling. IRE; is broadly expressed while IRE consequently, target genes including that of BiP,
1B is selectively expressed in foregut-derived XBP-1 and CHOP are activated. Thus PERK plays a

epithelium. It turns out that ER stress mediated major role not only in the translational attenuation
activation of mammalian IRE1 results in the during ER stress but also in selective stress-induced
splicing of the X-box binding protein 1(XBP-1) 9€ne expressich

MRNA?*, XBP-1 is a transcription factor expressed o o
at high levels in cells actively engaged in protein ATF6: Two similar transcription factors, ATkgand

secretion. It controls genes containing a CRE ATFBB, exist in mammals. These are activated by
(cAMP response element) - like elem&nstudies ~ regulated intramembrane proteolysis in ER stressed
in yeast andArabidopsis thalianahave revealed cells. Normally ATFG6 is retained in an inactive form

that the IRE1 pathway co-ordinates multiple by association with ER membranes. In this case, BiP

aspects of the secretory pathway such as chaperonggulates the activity of two independent and
induction, upregulation of ERAD genes, membrane redundant Golgi localization sequences, GLS1 and
biogenesis and ER-quality contf®F In GLS2. BiP binds to GLS1 but not to GLS2 resulting
mammalian cells, XBP-1 regulates a subset of ER-in a constitutive translocation of ATF6 to the Golgi
resident molecular chaperorgsThese findings and its activatioft*4 Additionally, ATF6 is retained

suggest that ER stress, acting through the IRE1 andn the ER by its interaction with calreticulin. ER
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stress results in underglycosylation of ATF6, tumour necrosis factor receptor-associated factor 2
abrogates this interaction and hastens its translocatiolfTRAF-2) and apoptosis signal-regulating kinase 1
to the Golgf®. Thus, both quality control mechanisms (ASK-1) to form Ire-1-TRAF2-ASK1 complex which
of the ER, namely recognition of unfolded proteins then activates JNK and triggers cell déatAlso, c-
by BiP and the calnexin/calreticulin cycle regulate Jun N-terminal inhibitory kinase (JIK) associates
the activity of ATF6. On dissociation from BiP, with IRE1 and promotes phosphorylation and
ATF6 translocates to the Golgi complex where it is association of TRAF2 with IRE1. The third apoptotic
cleaved by Site-1 and Site-2 proteases (S1P angathway in response to ER stress depends on the
S2PJ¥¢ to release the cytosolic N-terminal portion, a activation of ER-localized cysteine protease, caspase
basic leucine zipper (bZIP) transcription factor. -12%. Perturbation of ER Capools in response to
ATF6 binds to the ATF/CRE element and to the ER ER stress activates calpain in the cytosol which in
stress response elements | and |l and regulatesurn converts procaspase-12 to its active fdrm
important targets such &P, XBP-1 andCHOP". Caspase-12 then initiates a caspase cascade
Also, ATF6 forms a complex with the transcription culminating in apoptosis and cell death. Surprisingly,
factor sterol response element binding protein 2this pathway seems to be independent of Apaf-1 and
(SREBP2) to repress transcription and thus countergmitochondrial cytochrome-c release.
the lipogenic effects of SREBP2
ER stress & diabetes
ER stress mediated apoptosis
Akita mouse - Animal model of ER stress mediated

Apoptosis in response to ER stress is a responseliabetes The earliest clue to the involvement of ER
specific for metazoans. When severe and prolongedstress in diabetes came from studies on Akita mouse.
ER stress extensively impairs the ER functions, The Akita mouse is a spontaneously diabetic model,
apoptosis is necessary not only for removing the cellscharacterized by progressive hyperglycaemia with
that threaten the integrity of the organism but alsoreducedp-cell mass without insulitis or obesity
for proper development and differentiation. Genetic analyses revealed that a mutation in the
Apoptosis is also the least well understood ER stressnsulin 2 genelfs2) (Cys96Tyr) is responsible for
response pathway with so many mechanisms and séhe diabetic phenotype in this mobfsdhis mutation
little clarity. Broadly, the apoptotic pathways disrupts a disulphide bond formation between the A
triggered by ER stress fall into three categories. Thechain (A7) and the B chain (B7) of proinsulin, thereby
first is the transcriptional induction of the gene for inducing a drastic conformational change. The
CHOP/GADD153, a member of the C/EBP family mutant proinsulin is retained in the ER and according
of transcription factorS. While CHOP is barely to a recent study gets degraded by ERAD on high
detected under physiological conditions, it is strongly ER stress. HRD1 (for HMG-Co0A reductase
induced in response to ER str8sStudies utilizing  degradation), a component of the ERAD system has
strategies of overexpression and targeted disruptiorbeen shown to be upregulated in the pancreatic islets
of CHOP gene have demonstrated that CHOPof Akita mice which causes enhanced degradation
promotes apoptosis in response to ER stfess of the misfolded insulin. However loss of insulin
Transcriptional activation of the CHOP gene is production by the mutant allele alone is unlikely to
mediated by all the three ER stress transducershave a major impact since rodents have two insulin
namely PERK, IRE-1 and ATF6. The downstream genes Ins1 andins2) and the loss of both copies of
targets of CHOP leading to apoptosis are still unclear.Ins2 has no metabolic consequen&ed-urther
The second apoptotic pathway involves activation of investigations have revealed that progressive
the c-Jun N-terminal kinase (JNK) pathway. In hyperglycaemia in the mouse was accompanied by
response to ER stress, activated IRE-1 recruitselevated levels of ER stress markers such as BiP and
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CHOP. Since proinsulin is a major ER client protein wild type mice. Glucose, since it stimulates insulin
in the pancreatif-cells, it is likely that its malfolding  production, promotes some ER stress by imposing
is causing ER stress. Oyadamariaf®have shown a load on the folding and protein processing
that when the Akita mutation was introduced into a machinery of the ER. In the wild type mouse, this
CHOP'’ background, islet cell destruction and induces a rectifying pathway consisting of PERK
hyperglycaemia were delayed on onset. TiOP activation and subsequent reduction of protein
knockout reduced cell death by ER stress of anysynthesis. Since this important mechanism is lost
cause, suggesting that ER stress plays an importanin Perk/- mice, protein synthesis becomes
role in the pathogenesis of islet cell dysfunction in unresponsive to this stress and there is accumulation
Akita mice. It is also clear from these studies that of unfolded client proteinse(g, proinsulin) in
CHOP activation is not the only mechanism since excess of the chaperone reserve. The authors
CHOP knockout simply delayed the onset and did speculate that this might lead to production of novel
not prevent the disease altogether. toxic configurations of proteins that may damage
the islets. True to this speculation, electron
Mutations in PERK gene: Clues to involvement of microscopy has revealed an accumulation of
ER stress in diabete®\nother significant piece of electron dense material in the ER and distorted
evidence implicating ER stress in the pathology of organelle morphology in thBerk” islets. These
diabetes was discovered by Delephine andfindings emphasize the role of loss of translational
colleagues in their study of Wolcott-Rallison control in the pathophysiology ®#ERKmutant islet
syndrome (WRS¥P. WRS is a rare, autosomal cells. As discussed earligePERKthrough its action
recessive disorder characterized by early infancyon elF2x, controls not only translation but also
onset diabetes mellitus. Mutations in tBEF2AK3 activates certain stress induced genes. So it is
gene were found to be the underlying cause of thispossible that reduced activity of these survival genes
disorder.EIF2AK3 codes for the pancreatic ER may also contribute to the death [dfcells both in
kinase (PERK), one of the major ER stress Perk mice and in the WRS patients. There have
transducers. This study however, did not addressbeen several other reports in recent times that have
the pathophysiological basis for the phenotype. supported the importance of translational control
More insights into this were provided by Harding in preserving ER function ifi-cells and maintaining
et aF' through their studies dPerk’ mice. The same glucose homeostas$is®>. Scheuneret alf* have
authors had shown earlier thRerk’” cells were  shown that elF@ phosphorylation is an important
unable to phosphorylate elB2and attenuate mechanism for compensation and prevention of
translation in response to ER stréssAlso, the diet-induced diabetes. This becomes necessary to
absence of PERK rendered these cultured cellsprevent ER dysfunction and impaired insulin
hypersensitive to toxins that interfered with normal secretion in conditions of insulin demand. These
protein folding in the ERPerk’- mice developed a authors have studied glucose homeostasis in
clinical syndrome similar to that seen in WRS Eif2s1m®k mutant mice, which have an alanine
patients. Though born with nearly normal islets of substitution at Ser 51 of elbk2and reported that
Langerhans, these mice showed progressiveprofound glucose intolerance results from reduced
destruction of B-cells in the first few weeks of life. insulin secretion. This is also accompanied by
When islets from pre-diabetiPerk’- mice were abnormal distension of the ER lumen, defective
explanted and placed in culture, they synthesized trafficking of proinsulin and a reduced number of
processed and secreted the mature insulin in ansulin granules irf cells.
normal manner. When the cultures were switched
to high glucose, the mutant islets increased insulinObesity, ER stress and diabetdsR also plays a
production more vigorously than islets isolated from crucial role in the regulation of cellular responses of
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insulin. A recent report by Ozcaat aF® throws more  insulin resistance and type 2 diabetes. Based on all
light on the link between obesity, ER stress, insulin these observations, the authors postulated that ER
action and type 2 diabetes. Using cell culture andstress underlies the emergence of the stress in obesity
mouse models, the authors have shown that obesityand the integrated deterioration of systemic glucose
causes ER stress. They observed an elevation ohomeostasis resulting in type 2 diabetes (Fig. 3).
several biochemical indicators of ER stress, namely

PERK and elF@ phosphorylation, c-Jun N-terminal Involvement of ER stress in diabetes: Other
kinase (JNK) activity and BiP expression in liver and significant observations

adipose tissues of obese animals compared to their

lean counterparts. ER stress led to a significantER stress and Wolfram syndrom8tudies on
increase in JNK-mediated serine phosphorylation of Wolfram syndrome, a rare autosomal recessive
insulin receptor-substrate 1(IRS-1) and thereby disorder, have lent support to the role of ER stress
inhibited insulin action. IRS-1 is a substrate for in diabetes. Wolfram syndrome is also known as
insulin receptor tyrosine kinase, and serine DIDMOAD, the acronym for diabetes insipidus,
phosphorylation of IRS-1, particularly mediated by diabetes mellitus, optic atrophy and deafness that
JNK, reduces insulin receptor signalihgrhe work summarizes the main clinical features of this
by Ozcanet aF® also provided evidence for the disorder. Loss-of-function mutations in tNéFS1
involvement of an IRE-& and JNK-dependent gene, which codes for an ER transmembrane
protein kinase cascade in the inhibition of insulin protein Wolframin, have been linked to this
action induced by ER stress. Further, employing disordef®. Recent studies have identified WFS-1
XBP-1 gain- and loss-of-function cellular models in as a novel component of the UPRnNd that WFS-
parallel with XBP-1"" mice, they have proved that 1 deficiency leads to apoptosis specifically in
loss of XBP-1 predisposes to diet-induced peripheralpancreatic cells®.

Metabolic stress,

Hyperglycemia (including Insulin
#Glucosamine, Fatty acid, Small_ molecules and )
NO, peroxynitrite etc.) chemical chaperones Insulin
! Receptor

ER Stress

#Altered Ca * turnovery,

| and oxidative stress )

Impaired insulin signalling

Fig. 3. ER stress and impaired insulin action. Metabolic stress and/or hyperglycaemia are associated with triggering of ER stress anc
UPR activation (enhanced phosphorylation of PERK, IRE 1 and activation of JNK1). Very often, distuth&édr@eostasis and

altered redox signaling appear to be the common denominators of augmentation of JNK1. Insulin signaling is attenuated in part b
the serine phosphorylation by JNK1 which prevents the physiological tyrosine phosphorylation of IRS-1. Small molecule drugs and
chemical chaperones appear to attenuate ER stress, reduce JNK1 activity and thereby improve insulin action.
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Increased hexosamines and ER streBkere is  of ER stresS.These studies attest to the involvement
accumulating evidence to suggest that high glucoseof ER stress pathway in NO-induced apoptosis.
levels in type 2 diabetes lead to increased production
of intracellular glucosamine via the hexosamine ER stress induction by fatty acidSaturated fatty
pathway'. Studies have indicated that glucosamine acid (FA) overload in non-adipose tissues under
might induce ER stress that results in cholesterolcertain conditions compromises the cellular capacity
accumulation in aortic smooth muscle cells, to store these FAs as triglycerides or to oxidize them
monocytes, and hepatocytes and thus couldfor energy. This FA overload can lead to the
contribute to the development of atherosclerdsis production of reactive oxygen species (ROS) which
In a recent study, the possibility of convergence of can in turn induce ER stress. It has been shown that
ER stress and hexosamine pathways in theboth free fatty acids and cytokines induce pancreatic
pathogenesis of insulin resistance in L6 skeletal B-cell apoptosis through ER strés%. Borradaileet
muscle cell® was suggested. It was indicated that al®® have suggested that palmitate can be rapidly
ER stress induced by glucosamine in early hours,incorporated into complex lipids in the ER membrane
could have an adaptive or rescue component duringand this increased saturation of ER membrane lipids
which time there is upregulation of ER chaperones.could lead to dramatic impairment of the structure
However, sustained glucosamine-induced ER stressand integrity of the organelle. Both oxidative stress
appears to induce a lethal effect by way of turning and altered ER composition and integrity could result
on apoptotic events and negative regulation of insulinin the release of ER calcium (€pstores, triggering
signaling as revealed by inhibition of insulin- apoptotic cell death via the mitochondria. It has also
stimulated glucose transport in L6 célls been shown recently that ER stress is central to
cholesterol-induced apoptosis in macrophd&ges
Nitric oxide and ER stresdNitric oxide (NO), one  Taken together, these results seem consistent with a
of the important effectors d-cell death in type 1  more general paradigm in which perturbations of
diabetes and vascular complications in type 2cellular lipid metabolism can result in a death
diabetes, has been shown to exert its effects byresponse initiated by events occurring at the ER.
triggering ER stregé Oyadomarket al® have shown  Thus, the findings from these studies suggest that in
that NO depletes ER @acauses ER stress and leads complications arising out of lipid metabolic
to apoptosis. NO-depletion of ER €éas been disorders, ER could well be a proximal target for
claimed to occur either by inhibition of €auptake  therapies aimed at improving cellular function.
from cytosol through SERCA (tyrosine nitration) or
by activation of C# release to cytosol through RyR ER stress in diabetes: Roles of other resident
(S-nitrosylation). Relatively low concentrations of chaperones
NO induce apoptosis, at least in some types of cells
including pancreatic cellsand macrophagéseven Some recent studies have pointed to the role of
though severe DNA damage did not occur in thesecertain ER resident proteins and chaperones in ER
models. Depletion of ER Gaand activation of ER  stress mediated diabetes. OzastaP? have shown
stress pathway including ATF6 activation and CHOP/ that oxygen regulated protein (ORP150), a molecular
GADD153 induction was also detected in those cellschaperone located in the ER, plays an important role
treated with NO. In addition, pancreatic islets and in insulin sensitivity and could be a potential target
peritoneal macrophages from CHOP knockout micefor the treatment of diabetes. They have observed
showed resistance to NO-induced apoptosis.that systemic expression of ORP150 in Akita mice
Peroxynitrite, a potent oxidant generated by theimproved insulin intolerance and enhanced glucose
reaction of NO with superoxide, has also been shownuptake, accompanied by suppression of oxidized
to induce its proatherogenic effects through induction protein. Another report has indicated that P58 (IPK),
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an ER molecular chaperone might function as a signalphosphorylation) and JNK activity (as indicated in
for the downregulation of ER-associated proteins Fig. 3), and improved insulin signaling in liver and
involved in the initial ER stress response, thus adipose tissue of the diabetic ob/ob mice.
preventing excessive cell loss by degradationHyperinsulinaemic-euglycaemic clamp studies
pathway8*84 P58 (IPK) is known to be induced support both improvements in hepatic glucose
during ER stress and functions as a negative feedbackroduction and glucose disposal in muscle and
component to inhibit elF signaling and attenuate adipose tissue following chemical chaperone
the later phases of the ER stress response. It has beapplication. The findings of Ozcaat af® have
shown that insulin deficiency observed in the absencecreated new hopes in that chemical chaperones might
of P58 (IPK), mimickedp-cell failure that is  have therapeutic potential for the treatment of insulin
commonly seen in typel and late stage type 2 diabetesesistance and type 2 diabetes.
patients.

Conclusion
Chemical chaperones and hope for newer
therapies Concrete evidence now exists to implicate ER

stress in the development of diabetes. Several

In the past, low molecular weight compounds reports seem to suggest that the insulin secreting

have been used to increase thermal stability and t3-cell may be especially sensitive to the adverse
reverse the improper localization and aggregation ofeffects of perturbed ER function. It is possible that
proteins associated with human disease. These@rolonged ER stress might contribute to the
molecules, originally known as osmolites, have now degradation offf-cell function that precedes
been redefined as ‘chemical chaperones’. Chemicalmetabolic decompensation in the insulin-resistant
chaperones come in two flavours, specific and subject. While ER stress in adipose tissue and liver,
nonspecific. Specific chaperones (V2 receptor the peripheral tissues of insulin resistance, has been
antagonists) function as competitive inhibitors or widely studied, it is still important to understand
substrate analogs of specific enzyme and proteinsthe events that occur in skeletal muscle, the major
Nonspecific chemical chaperones [such as phenylsite of glucose disposal. The signs of ER stress
butyric acid (PBA), and taurine-conjugated found in liver and adipose tissue of obese and high-
ursodeoxycholic acid (TUDCA)] have the general fat-diet fed mice indicate that the metabolic
property of improving folding and trafficking without abnormalities associated with obesity and unhealthy
targeting a specific mutant protein. diet may also cause ER stressvivo in humans.

Moreover, signaling events in the death pathway

Recently, Ozcaret af® showed that PBA and downstream of ER stress, though attractive as key

TUDCA attenuate the induction of ER stress by therapeutic targets, still remain poorly understood
tunicamycin (a glycosylation inhibitor and UPR and warrant in-depth analyses. Given the perceived
activator) in FaO rat hepatoma cells and mouseimportance of ER damage-induced cell death in
embryonic fibroblasts. When they extended their diabetes and associated disorders, there is much
studies to the leptin-deficient ob/ob mouse model of hope in the development of small molecules for
obesity and diabetes, administration of PBA andtherapeutic usage targeting upstream (ER
TUDCA to diabetic ob/ob mice resulted in a rapid chaperones) and downstream events (pro- and anti-
normalization of fasting blood glucose levels, apoptotic signaling members). Controlling the cell
improved glucose tolerance and reducedfate by efficient manipulation of ER stress
hyperinsulinaemia, consistent with improved insulin mechanisms (both adaptive responses and
action. In addition, PBA and TUDCA attenuated ER apoptosis) is expected to create new therapeutic
stress activation (reduced PERK and IRE1 avenues for insulin resistance and diabetes.



SELVARAJ et al: ER STRESS & DIABETES

References 14.

1. Mathis D, Vence L, Benoist C3 cell death during
progression to diabeteBlature 2001;414: 792-8.
15.
2. Kurrer MO, Pakala SV, Hanson HL, Katz JD. Beta cell

apoptosis in T cell- mediated autoimmune diabetes.

Proc Natl Acad Sci USA997:94 : 213-8. 16.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA,
Butler PC. Beta-cell deficit and increased beta-cell apoptosis 17.
in humans with type 2 diabeteBiabetes2003;52 :

102-10.

Walter P, Lingappa VR. Mechanism of protein translocation 18.
across the endoplasmic reticulum membraken Rev Cell
Biol 1986;2 : 499-516.

Walter P, Johnson AE. Signal sequence recognition and
protein targeting to the endoplasmic reticulum membrane. 19,
Ann Rev Cell Bioll994;10: 87-119.

Wormald MR, Dwek RA. Glycoproteins: glycan presentation »q.
and protein-fold stability Struct Fold Des1999;7 : 155-
60.

Ellgaard L, Helenius A. ER quality control: towards an
understanding at the molecular lev€lurr Opin Cell Biol

2001;13: 431-7. 21.

Ellgaard L, Molinari M, Helenius A. Setting the standards:
quality control in the secretory pathwa$ciencel999;

286 1882-8. 22.

Trombetta ES, Helenius A. Conformational requirements for
glycoprotein reglucosylation in the endoplasmic reticulum.

J Cell Biol 2000;148: 1123-9. ”3

10. Paltauf F, Kohlwein SD, Henry SA. Regulation and
compartmentalization of lipid synthesis in yeast.
In: Jones EW, Pringle JR, Broach JR, editditse molecular
and cellular biology of the yeast Saccharomydésw York:
Cold Spring Harbor Laboratory Press, Plain view; 1992 p.
415-500.

24.

25.
Koch GL. The endoplasmic reticulum and calcium storage.
Bioessaysl990;12 : 527-31.

11.

26.
Ma Y, Hendershot LM. The mammalian endoplasmic
reticulum as a sensor for cellular stre€ell Stress
Chaperone2002;7 : 222-9.

12.

13. Rutkowski DT, Kaufman RJ. A trip to the ER: coping with 27.
stress.Trends Cell Biol2004;14 : 20-8.

421

Sidrauski C, Chapman R, Walter P. The unfolded protein
response: an intracellular signaling pathway with many
surprising featuresTrends Cell Biol1998;8 : 245-9.

Hampton RY. ER stress response: getting the UPR hand on
misfolded proteinsCurr Biol 2000;10 : R518-21.

Ma Y, Hendershot LM. The unfolding tale of the unfolded
protein responseCell 2001;107 : 827-30.

Shen X, Zhang K, Kaufman RJ. The unfolded protein
response - a stress signaling pathway of the endoplasmic
reticulum.J Chem Neuroana2004;28 : 79-92.

Kim PS, Arvan P. Endocrinopathies in the family of
endoplasmic reticulum (ER) storage diseases: disorders of
protein trafficking and the role of ER molecular chaperones.
Endocr Rev1998;19 : 173-202.

Rutishauser J, Spiess M. Endoplasmic reticulum storage
diseasesSwiss Med WkI2002;132: 211-22.

Dorner AJ, Wasley LC, Kaufman RJ. Increased synthesis
of secreted proteins induces expression of glucose-regulated
proteins in butyrate-treated Chinese hamster ovary cells.
J Biol Chem1989;264 : 20602-7.

Schroder M, Schafer R, Friedl P. Induction of protein
aggregation in an early secretory compartment by elevation
of expression leveBiotechnol Bioen@002;78 : 131-40.

lwakoshi NN, Lee AH, Vallabhajosyula P, Otipoby KL,
Rajewsky K, Glimcher LH. Plasma cell differentiation and
the unfolded protein response intersect at the transcription
factor XBP-1.Nat Immunol2003;4 : 310-11.

Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum
stress: cell life and death decisiod<Clin Invest2005;115
. 2656-64.

Mori K. Tripartite management of unfolded proteins in the
endoplasmic reticulumCell 2000;101 : 451-4.

Liu CY, Kaufman RJ. The unfolded protein respodsgell
Sci2003;116: 1861-2.

Mori K, Ma W, Gething MJ, Sambrook J. A transmembrane
protein with a cdc2+/CDC28-related kinase activity is
required for signaling from the ER to the nucleCzll
1993;74 : 743-56.

ShiY, Vattem KM, Sood R, An J, Liang J, Stramnetal.
Identification and characterization of pancreatic eukaryotic



422

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

initiation factor 2o-subunit kinase, PEK, involved in
translational controlMol Cell Biol 1998;18 : 7499-509.

INDIAN J MED RES, MARCH 2007

to and transactivates CRE- like sequences containing an
ACGT core.Nucl Acids Red4996;24 : 1855-64.

Haze K, Okada T, Yoshida H, Yanagi H, Yura M, Mori K. 38. Friedlander R, Jarosch E, Urban J, Volkwein C, Sommer T.

Identification of the G13 (cAMP-response-element-binding
protein-related protein) gene product related to activating
transcription factor 6 as a transcriptional activator of the
mammalian unfolded protein respon&iochem J2001;
355: 19-28.

39.

Liu CY, Schroder M, Kaufman RJ. Ligand-independent
dimerization activates the stress response kinases IRE1 and
PERK in the lumen of the endoplasmic reticuluinBiol
Chem2000;275: 24881-5.

40.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP,
Ron D. Dynamic interaction of BiP and ER stress transducers
in the unfolded protein responsiat Cell Biol 2000;2 :
326-32.

41.

Shen J, Chen X, Hendershot LM, Prywes R. ER stress
regulation of ATF6 localization by dissociation of BiP/
GRP78 binding and unmasking of Golgi localization signals.
Dev Cell2002;3 : 99-111.

Shamu CE, Walter P. Oligomerization and phosphorylation
of the Irelp kinase during intracellular signaling from the
endoplasmic reticulum to the nuclel MBO J1996;15 :
3028-39.

Welihinda AA, Kaufman RJ. The unfolded protein response
pathway inSaccharomyces cerevisia@ligomerization and
trans-phosphorylation of Irelp (Ernlp) are required for
kinase activationJ Biol Chem1996;271: 18181-7.

Mori K, Kawahara T, Yoshida H, Yanagi H, Yura T.
Signaling from endoplasmic reticulum to nucleus:
transcription factor with a basic-leucine zipper motif is
required for the unfolded protein response pathvzgnes
Cells 1996;1 : 803-17.

Kohno K, Normington K, Sambrook J, Gething MJ,
Mori K. The promoter region of the yeast KAR2 (BiP) gene

42.

43.

44.

45.

Aregulatory link between ER-associated protein degradation
and the unfolded protein respondéat Cell Biol 2000;2 :
379-84.

Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weismann
JS, Walter P. Functional and genomic analyses reveal an
essential coordination between the unfolded protein response
and ER-associated degradati@ell 2000;101 : 249-58.

Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a
subset of endoplasmic reticulum resident chaperone genes
in the unfolded protein responddol Cell Biol 2003;23 :
7448-59.

Harding HP, Zhang Y, Ron D. Protein translation and folding
are coupled by an endoplasmic-reticulum-resident kinase.
Nature 1999;397: 271-4.

Cullinan SB, Zhang D, Hannink M, Arvisais E, Kaufman
RJ, Diehl JA. Nrf2 is a direct PERK substrate and effector
of PERK-dependent cell survivallol Cell Biol 2003;23 :
7198-209.

Harding HP, Novoa |, Zhang Y, Zeng H, Wek R, Ron D.
Regulated translation initiation controls stress-induced gene
expression in mammalian cellslol Cell 2000;6 : 1099-
108.

Chen X, Shen J, Prywes R. The luminal domain of ATF6
senses endoplasmic reticulum (ER) stress and causes
translocation of ATF6 from the ER to the GolgBiol Chem
2002;277: 13045-52.

Hong M, Luo S, Baurneister P, Huang JM, Gogia RK, Lee
AS. Underglycosylation of ATF6 as a novel sensing
mechanism for activation of the unfolded protein response.
J Biol Chem2004;279: 11354-63.

contains a regulatory domain that responds to the presences6. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian

of unfolded proteins in the endoplasmic reticulival Cell
Biol 1993;13: 877-90.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding
HP, et al. IRE1 couples endoplasmic reticulum load to
secretory capacity by processing the XBP-1 mRNAture
2002;415: 92-6.

Clauss IM, Chu M, Zhao JL, Glimcher LH. The basic
domain/leucine zipper protein hXBP-1 preferentially binds

transcription factor ATF6 is synthesized as a transmembrane
protein and activated by proteolysis in response to
endoplasmic reticulum stresMol Biol Cell 1999; 10 :
3787-99.

47.Yoshida H, Okada T, Haze K, Yanagi H, Yura T, Mori K.

ATF6 activated by proteolysis binds in the presence of NF-
Y (CBF) directly to the cis-acting element responsible for
the unfolded protein responsklol Cell Biol 2000; 20 :
6755-67.



48.

49.

SELVARAJ et al. ER STRESS & DIABETES

Zeng L, Lu M, Mori K, Luo S, Lee AS, Shyy JY. ATF6
modulates SREBP2-mediated lipogene&MBO J2004;
23: 950-8.

Ron D, Habener JF. CHOP, a novel developmentally
regulated nuclear protein that dimerizes with transcription
factors C/EBP and LAP and functions as a dominant-

423

reticulum stress-mediated diabeté<Clin Invest2002;109
1 525-32.

60. Delephine M, Nicolino M, Barrett T, Golamaully M, Lathrop
GM, Julier C. EIF2AKS3, encoding translation initiation
factor 2-alpha kinase-3, in mutated in patients with Wolcott-
Rallison syndromeNat Genet2000;25 : 406-9.

negative inhibitor of gene transcriptioBenes Del992;6

+ 439-53. 61. Harding HP, Zeng H, Zhang Y, Jungries R, Chung P, Plesken
H, et al. Diabetes mellitus and exocrine pancreatic
dysfunction inperk-/- mice reveals a role for translational
control in survival of secretory celldol Cell 2001;7 :

1153-63.

50. Wang ZX, Lawson B, Brewer JW, Zinszner H, Sanjay A,
Mi LJ, et al. Signals from the stressed endoplasmic reticulum
induce C/EBP-homologous protein (CHOP/GADD153).

Mol Cell Biol 1996;16 : 4273-80.

62. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is
essential for translational regulation and cell survival during

the unfolded protein responddol Cell 2000;5 : 897-904.

51. Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot
RT, Reinotti H,et al CHOP is implicated in programmed
cell death in response to impaired function of the
endoplasmic reticulumGenes Devi998;12 : 982-95.

63. Sood R, Porter AC, Ma K, Quilliam LA, Wek RC. Pancreatic
eukaryotic initiation factor-2alpha kinase (PEK) homologues
in humans,Drosophila melanogasteand Caenorhabditis
elegansthat mediate translational control in response to
endoplasmic reticulum stresBiochem J2000;346 : 281-
93.

52. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Ron D.
Coupling of stress in the ER to activation of JNK protein
kinases by transmembrane protein kinase IR&dience

2000;287: 664-6.

53. Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yuan J.
Caspase-12 mediates endoplasmic-reticulum-specific g4.
apoptosis and cytotoxicity by amyloid-befdature 2000;

403: 98-103.

Scheuner D, Song B, McEwen E, Gillespie P, Saunders T,
Kaufman RJ. Translational control is required for the
unfolded protein response aimdvivo glucose homeostasis.
Mol Cell 2001;7 : 1165-76.

54. Rao RV, Hermel E, Castro-Obregon S, del Rio G, Ellerby
LM, Bredesen DE. Coupling endoplasmic reticulum stress gg
to the cell death program. Mechanism of caspase activation.

J Biol Chem2001;276 : 33869-74.

Sonenberg N, Newgard CB. Protein synthesis: the perks of
balancing glucoseScience2001;293: 818-9.

66. Ozcan U, Cao Q, Yilmaz E, Lee AH, lwakoshi NN, Ozdelen
E, et al. Endoplasmic reticulum stress links obesity, Insulin

action and type 2 diabeteScience2004;306: 457-61.

55. Yoshioka M, Kayo T, lkeda T, Koizumi A. A novel locus,
Mody4, distal to D7Mit189 on chromosome 7 determines
early-onset NIDDM in nonobese C57BL/6 (Akita) mutant

mice. Diabetes1997;46 : 887-94.
67.

Wang J, Takeuchi T, Tanaka S, Kubo SK, Kayo T,
Lu D, et al. A mutation in the insulin 2 gene induces diabetes

with severe pancreatic beta-cell dysfunction in the Mody
mouse.J Clin Invest1999;103: 27-37.

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT,
Maeda K.et al. A central role for INK in obesity and insulin
resistanceNature 2002;420 : 333-6.

56.

68. Inoue H, Tanizawa Y, Wasson J, Behn P, Kalidas K, Bernal-
Mizrachi E,et al. A gene encoding a transmembrane protein
is mutated in patients with diabetes mellitus and optical

atrophy (Wolfram syndromeNat Genetl998;20 : 143-8.

57. Allen JR, Nguyen LX, Sargent KE, Lipson KL, Hackett A,
Urano F. High ER stress in beta-cells stimulates intracellular
degradation of misfolded insulirBiochem Biophys Res

Commun2004;324: 166-70. 69.

Fonseca SG, Fukuma M, Lipson KL, Nguyen LX, Allen JR,
Urano F. WFS1 is a novel component of the unfolded protein
response and maintains homeostasis of the endoplasmic

reticulum in pancreati@-cells. J Biol Chem2005;280 :

58. Leroux L, Desbois P, Lamotte L, Duvillie B, Cordonnier N,

Jackerott Mgt al. Compensatory responses in mice carrying

a null mutation for Insl or InsDiabetes2001; 50 (Suppl 39609-15.
1) : S150-3.
_ _ _ _ ~ 70.Yamada T, Ishihara H, Tamura A, Takahashi R, Yamaguchi
59. Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S, Mori S, Takei D,et al. WFS1-deficiency increases endoplasmic

K. Targeted disruption of thehopgene delays endoplasmic reticulum stress, impairs cell cycle progression and triggers



424

71.

72.

73.

74.

75.

76.

7.

78.

the apoptotic pathway specifically in pancreatic beta-cells.
Hum Mol Gene®006;15: 1600-9.

Buse MG. Hexosamines, insulin resistance, and the
complications of diabetes: current statésn J Physiol
Endocrinol Metab2006;291 : E1274-80.

Werstuck GH, Khan MI, Femia G, Kim AJ, Tedesco V,
Trigatti B, et al. Glucosamine-induced endoplasmic
reticulum dysfunction is associated with accelerated
atherosclerosis in a hyperglycemic mouse moDé&betes
2006;55 : 93-101.

Balasubramanyam M, Srinivasan V, Tatu U, Mohan V,
Convergence of ER stress and hexosamine pathways in the
pathogenesis of insulin resistance in L6 skeletal muscle ceIIs.8
Diabetes2006;55 (Suppl 1) : A563.

Gotoh T, Mori M. Nitric oxide and endoplasmic reticulum
stress.Arterioscler Thromb Vasc Bid2006;26 : 1439-46.

79.

80.

INDIAN J MED RES, MARCH 2007

beta-cell apoptosis by different mechanisms: role of nuclear
factor-kappaB and endoplasmic reticulum stress.
Endocrinology2004;145 : 5087-96.

Cardozo AK, Ortis F, Storling J, Feng YM, Rasschaert J,
Tonnesen M, et al. Cytokines downregulate the
sarcoendoplasmic reticulum pump Ca2+ ATPase2b and
deplete endoplasmic reticulum Ca2+, leading to induction
of endoplasmic reticulum stress in pancreatic beta-cells.
Diabetes2005;54 : 452-61.

Borradaile NM, Han X, Harp JD, Gale SE, Ory DS, Schaffer
JE. Disruption of endoplasmic reticulum structure and integrity
in lipotoxic cell deathJ Lipid Res2006;47 : 2726-37.

. Devries-Seimon T, Li Y, Yao PM, Stone E, Wang Y, Davis

RJ, et al. Cholesterol-induced macrophage apoptosis
requires ER stress pathways and engagement of the type A
scavenger receptod. Cell Biol 2005;171: 61-73.

82. Ozawa K, Miyazaki M, Matsuhisa M, Takano K, Nakatani

Oyadomari S, Takeda K, Takiguchi M, Gotoh T, Matsumoto
M, Wada I, et al. Nitric oxide-induced apoptosis in
pancreati@3-cells is mediated by the endoplasmic reticulum
stress pathwayProc Natl Acad Sci USR001;98: 10845-
50.

83.

Gotoh T, Oyadomari S, Mori K, Mori M. Nitric oxide-
induced apoptosis in RAW 264.7 macrophages is mediated
by endoplasmic reticulum stress pathway involving ATF6
and CHOP.J Biol Chem2002;277 : 12343-50.

84.

Dickhout JG, Hossain GS, Pozza LM, Zhou J, Lhotak S,
Austin RC. Peroxynitrite causes endoplasmic reticulum
stress and apoptosis in human vascular endothelium:
implications in atherogenesiarterioscler Thromb Vasc Biol
2005;25: 2623-9.

85.

Kharroubi I, Ladriere L, Cardozo AK, Dogusan Z, Cnop M,
Eizirik DL. Free fatty acids and cytokines induce pancreatic

Y, Hatazaki M,et al. The endoplasmic reticulum chaperone
improves insulin resistance in type 2 diabetef@betes
2005;54 : 657-63.

Yan W, Frank CL, Korth MJ, Sopher BL, Novoa I, Ron D.
Control of PERK elF2alpha kinase activity by the
endoplasmic reticulum stress-induced molecular chaperone
P58IPK.Proc Natl Acad Sci USR002;99 : 15920-5.

Ladiges WC, Knoblaugh SE, Morton JF, Korth MJ, Sopher
BL, Baskin CR,et al. Pancreatic beta-cell failure and
diabetes in mice with a deletion mutation of the endoplasmic
reticulum molecular chaperone gene P58IBiabetes2005;

54 :1074-81.

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E,
Smith RO,et al. Chemical chaperones reduce ER stress and
restore glucose homeostasis in a mouse model of type 2
diabetes. Science 200813 : 1137-40.

Reprint requestdDr Utpal Tatu, Associate Professor, Department of Biochemistry
Indian Institute of Science, Bangalore 560012, India

e-mail: tatu@biochem.iisc.ernet.in



