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Abstract

All eukaryotic cells possess an endoplasmic reticulum (ER), which is the site for synthesizing proteins that
populate the cell surface or extracellular space. The environment of the ER is oxidizing, which supports the
formation of intra- and interchain disulfide bonds that serve to stabilize the folding and assembly of nascent
proteins. Recent experimental data reveal that the formation of disulfide bonds does not occur spontaneously but
results from the enzymatic transfer of disulfide bonds through a number of intermediate proteins, with molecular
oxygen serving as the terminal electron acceptor. Thus, each disulfide bond that forms during oxidative folding
should produce a single reactive oxygen species (ROS). Dedicated secretory tissues like the pancreas and plasma
cells have been estimated to form up to 3—-6 million disulfide bonds per minute, which would be expected to result
in the production of the same number of molecules of ROS. Although the methods used to deal with this amount of
oxidative stress are not well understood, recent research suggests that different types of cells use distinct strategies
and that the unfolded protein response (UPR) is a critical component of the defense. Antioxid. Redox Signal. 11,

2317-2331.

Introduction

THE ENDOPLASMIC RETICULUM (ER) is the major site of
synthesis of secretory and membrane proteins and forms
a membranous network throughout the cell (Fig. 1). In many
mammalian cells, approximately one third of the total pro-
teins produced are synthesized in the ER, although this per-
centage can be much higher in specialized secretory cells like
hepatocytes, pancreatic f§ islet cells, and plasma cells (116).

To prepare these nascent proteins properly for an extra-
cellular fate, the ER lumen possesses a unique environment
that is specialized for high-fidelity protein folding and as-
sembly (33, 43). It contains high concentrations of molecular
chaperones, folding enzymes, and ATP, which aid proper
maturation of proteins. Unlike the cytosol, it also possesses an
oxidizing environment, which favors intra- and intermolec-
ular disulfide bond formation, and millimolar concentrations
of Ca®" that pose unusual complications for folding.

Only proteins that fulfill quality-control standards are
allowed to exit the ER and travel farther along the secre-
tory pathway toward their final destinations (25). However,
if the amount of proteins to be folded exceeds the capacity
of the folding machineries, unfolded proteins will accumu-

late in the ER. This upsets the normal ER homeostasis
and induces a signaling pathway called the unfolded protein
response (UPR), which serves to alleviate the stress, or al-
ternatively, to eliminate the affected cells to protect the
organism (60, 104). Although the ER exists in virtually all
mammalian cells, the relative amounts of ER and the de-
mands placed on this organelle are quite different between
tissues. Given the particularly high demands placed on the
ER in secretory tissues, it is easy to imagine that even a small
fluctuation in the ER environment could dramatically affect
cellular homeostasis.

Recent studies reveal that the UPR plays an important role
to control this (39, 54). In addition, because reactive oxygen
species (ROS) are produced as a side product of the oxidative
folding in the ER (110, 125), secretory cells are likely to use
certain defense strategies to protect themselves against oxi-
dative stress.

In this review, we focus on protein folding in the ER, with
particular emphasis on oxidative folding in several secretory
tissues. We discuss how these cells use the UPR and other
mechanisms to maintain ER homeostasis and other cellular
functions in the face of high-level protein synthesis, and fi-
nally, we compare what is unique and what is similar between
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FIG. 1. The ER is a membrane network that reaches
throughout the cells. HeLa cells were transfected with
a lymphoid-specific resident ER protein, pERpl, and visual-
ized with a polyclonal pERp1 antiserum followed by FITC-
conjugated anti-rabbit Ig antiserum. (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article at www.liebertonline.
com/ars).

tissue types under physiologic and nonphysiologic condi-
tions.

The ER as a Major Site of Protein Synthesis

Although the types and quantities of proteins synthesized
in the ER vary dramatically between tissues, the basic me-
chanics of protein biosynthesis are largely the same (Fig. 2).
Proteins that are destined for the secretory pathway are syn-
thesized in the cytosol on ER-associated ribosomes. The
presence of a hydrophobic signal sequence on the nascent
polypeptide chain directs it to the ER membranes and plays a
role in its insertion into the translocon, a proteinaceous
channel that traverses the ER membrane (19, 46). This allows
the protein to be translocated into the lumen of the ER, in
many cases, as it is being synthesized. The elongating nascent
chain first passes through a channel in the ribosome and then
through the translocon (58, 135). It appears that the growing
polypeptide chain remains largely unfolded during its transit
through the ribosome and translocon, although recent studies
indicate that some secondary structures can form during this
process (20). After the chain enters the ER, N-terminal signal
sequences are often removed by a signal peptidase that is
positioned at the luminal side of the translocon.

Once the polypeptide chain emerges into the lumen,
N-linked glycans are added co-translationally by the
oligosaccharyl-transferase (OST) complex to asparagine
residues that occur within the consensus N-X-S/T sequence
(65), and the polypeptide chain often begins folding co-
translationally (5, 17). However, for some proteins, folding
occurs between regions that are very distal on the linear
protein sequence, and thus are temporally separated in terms
of protein synthesis (108).

The modification of secretory pathway proteins with N-
linked glycans serves in part to limit the ways the nascent
protein can fold. In addition, the ER environment itself causes
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FIG. 2. The ER is the site of secretory protein synthesis.
(1) Proteins enter the ER co-translationally and begin to fold
immediately. (2) Proteins that mature properly are trans-
ported to the Golgi, (3) whereas those that fail to fold are
identified and retrotranslocated for degradation by the 265
proteasome. (4) In response to imbalances in the normal
homeostasis of the ER, unfolded proteins accumulate and
activate a signaling pathway known as the unfolded protein
response (UPR). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www.liebertonline.com/ars).

further constraints on and benefits to protein folding and as-
sembly. The calcium required for many signal-transduction
pathways is stored here (83). Thus, proteins that are synthe-
sized in this organelle have evolved to fold in a high-calcium
environment, and changes in the ER calcium level can dra-
matically affect their folding (71, 75).

Like the extracellular space with which it is contiguous, the
ER also possesses an oxidizing environment (53). This allows
disulfide bonds to form between juxtaposed cysteine residues,
which can serve to stabilize folded regions of the nascent
chain (10). However, in the crowded environment of the ER
lumen, where large numbers of unfolded polypeptide chains
are being synthesized, the formation of disulfide bonds be-
tween the wrong regions of a protein or even between unre-
lated proteins could lead to misfolding or to the formation of
large, insoluble aggregates (56). Surprisingly, this rarely oc-
curs under normal conditions. Previously it was believed that
the oxidizing environment of the ER was sufficient to promote
disulfide bond formation directly (53). It is now clear that
the oxidation of thiols or rearrangements of nonnative dis-
ulfide bonds is catalyzed by enzymes, which transfer oxidiz-
ing equivalents via a protein-relay system (28, 123) (Fig. 3).
Disulfide bond formation is reversible, and the same catalytic
proteins can often act to reduce disulfide bonds (109). The
demands on this system can be particularly high in secretory
cells. For example, plasma cells synthesize thousands of im-
munoglobulin M (IgM) pentamers per second (44). This re-
quires the formation of ~20 disulfide bonds per monomer or
~100 disulfide bonds per pentamer, which means that
~100,000 disulfide bonds are produced per second, and this
does not include off-pathway products that must be reduced
and reoxidized!

The high fidelity of protein folding in the ER is due to a
stringent quality-control apparatus (25). Newly synthesized
proteins are carefully scrutinized by two major families of
molecular chaperones, the Hsp70 cognate, BiP, and the resident
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FIG. 3. Mechanisms of disulfide bond for-
mation and reduction. (A) Schematic of the
intermediates formed during the transfer of
disulfide bonds from an oxidoreductase to a
substrate protein, as well as the mechanism
for correcting off-pathway intermediates. (B)
The pathway of disulfide bond transfer from
Erol to PDI to a substrate and the flow of
electrons to oxygen. This results in the pro-
duction of one molecule of ROS per disulfide [B)
bond formed. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article at
www liebertonline.com/ars).
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lectin-like proteins, calnexin and calreticulin. BiP recognizes
hydrophobic stretches of amino acids that are exposed on un-
folded proteins, which disappear into the interior of the protein
when folding is complete (7, 64). Calnexin and calreticulin in-
teract with sugar residues on proteins that are characteristic
of their folding status (21, 37) due to the interaction of UDP-
glucosyltransferase with hydrophobic regions on the protein
(15). The binding of these chaperones to unfolded proteins
plays a critical role in preventing their aggregation, assisting in
their correct folding, and finally retaining them in the ER (86).
Only when all aspects of an unfolded state have disappeared
do the chaperones cease to bind, and the newly synthesized
protein is allowed to exit the ER for transport to the Golgi for
further routing along the secretory pathway.

The regulated and carefully controlled assembly of subunit
proteins into larger complexes also occurs in the ER and is
monitored by the same quality-control apparatus. Proteins
that ultimately fail to mature properly are targeted for intra-
cellular degradation by the 26S proteasome (47, 81) (Fig. 2).

The Unfolded Protein Response

Although the resident ER molecular chaperones are ex-
pressed in all tissues and cell types, they are expressed highest
in secretory tissues. This is achieved in part by sensing that the
load of unfolded proteins in the ER is exceeding the capacity
of ER chaperones to deal with them. The resulting accumu-
lation of unfolded proteins triggers a signal-transduction
cascade that has been termed the unfolded protein response
(UPR). This response was first identified because of its acti-
vation by physiologic and pharmacologic conditions that
impair normal protein folding in the ER (66, 71). The hallmark
of the UPR is the upregulation of ER chaperones and folding
enzymes, which are required to bind to unfolded proteins and
prevent their aggregation (71). This component of the re-

sponse is likely also to aid in the subsequent folding of these
proteins if the stress conditions are alleviated.

A second part of the response is a transient attenuation of
nascent protein synthesis (11, 49). Although it is not restricted
to ER proteins, its effects appear to be greater in some cells for
membrane-bound polysomes. Clearly this serves to limit the
load of unfolded proteins under conditions that are not well
suited to their proper maturation. The transient inhibition of
protein synthesis also provides a window for the transcrip-
tional upregulation of ER chaperones and folding enzymes
(79), so the cell is better equipped with chaperones to accom-
modate the load of unfolded proteins when translation re-
sumes. In addition, the degradative capacity of the cell is
increased to aid in the turnover of misfolded proteins (70, 92),
which also serves to limit the possibility of protein aggrega-
tion and destruction to the ER. These parts of the UPR are
largely considered to be cytoprotective. However, if stress
conditions are not resolved and normal homeostasis is not
restored to the ER, then the UPR switches gears and guides
the cell toward death to protect the organism (8, 88). How the
balance between the cytoprotective and cytodestructive parts
of the response is achieved is not well understood and varies
greatly between cells, with some cell types being able to
withstand ER stress for prolonged periods, and other cell
types being extremely sensitive to stress.

Sensing stress in the ER

Three resident ER transmembrane sensors detect unfolded
proteins in the ER to initiate three distinct UPR branches;
inositol-requiring protein-1 (Irel), activating transcription
factor-6 (ATF6), and protein kinase RNA (PKR)-like ER kinase
(PERK) (78). All the sensors have luminal domains that bind to
the ER chaperone BiP under nonstress conditions. However,
once unfolded proteins accumulate in the ER lumen, BiP is
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released from the UPR sensors to bind to the unfolded proteins,
which triggers the activation of all three sensors simulta-
neously.

Ire1. Irel represents the most primitive of the UPR signal
transducers and is conserved from yeast to humans (104). Two
forms of Irel are present in mammalian cells, the ubiquitously
expressed Irela (121) and Irelf, which is expressed only in
gut epithelium (134). When BiP is released from the luminal
domain of Irel in response to ER stress, it dimerizes and au-
tophosphorylates in trans (6) (Fig. 4). This activates an en-
doribonuclease activity encoded in the C-terminus of the
cytoplasmic domain. The only target of the endonuclease ac-
tivity of Irel to be identified thus far is the X-box binding
protein-1 (XBP1) transcript, which, in the unspliced form, encodes
a protein with a DNA-binding domain but no transactivation
domain. The excision of 26 bases from the XBP1 transcript
by activated Irel changes the reading frame of the C-terminus of
XBP1, so that the spliced form of XBP1 now encodes both a DNA-
binding domain and a transactivation domain (13, 141). The re-
modeled XBP1(S) regulates components of the ERAD pathway,
like EDEM (142), cofactors of the ER chaperone BiP, including
ERdj3 and ERdj4 (70), and components of lipid synthesis that play
a role in the expansion of ER membranes during the differentia-
tion of some secretory tissues (112, 117).

Later in the ER stress response or when stress is relieved,
unspliced XBP1 [XBP1(U)] acts as a negative regulator of
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XBP1(S) by forming an XBP1(U)-XBP1(S) heterodimer, which
is transported to the cytosol for degradation (143). Irel acti-
vation was recently shown to target the degradation of some
ER-attached mRNAs during ER stress in Drosophila (50),
which would serve specifically to decrease protein synthesis
in the ER. Recent studies demonstrate that both CD59 and
insulin mRNAs are targeted by Irel, suggesting that a similar
destruction of ER-associated mRNAs may occur in mamma-
lian cells during ER stress (74, 91).

Finally, in addition to its ribonuclease activity, Irel acti-
vates the c-Jun amino-terminal kinase (JNK) and caspase 12
via a direct interaction with TRAF2 (127, 140) and with
proapoptotic Bcl-2 family members BAX and BAK (45). Thus,
activated Irel is involved in both cytoprotective and cyto-
destructive aspects of the UPR. Its contribution to these op-
posing functions may vary temporally or between different
tissues. Mice that are nullizygous for Irel (121) and XBP1 (101)
have been produced, and both exhibit an embryonic lethal
phenotype, which argues that these gene products are also
likely to play a role in normal development.

PERK. The second UPR transducer PERK is a member of
the elF2a kinase family (41, 115). Although PERK is not found
in yeast, it is a component of the UPR signaling apparatus in
all metazoans (114). Release of BiP in response to ER stress
leads to PERK oligomerization and autophosphorylation in
trans (Fig. 5). Activated PERK phosphorylates ser-51 of the «
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Irel signaling pathway. Irel exists as a BiP-bound monomer in the absence of ER stress. When unfolded proteins

accumulate, BiP is released, and Irel forms homodimers that autophosphorylate and activate an endonuclease activity
encoded in its C-terminus. Activated Irel removes 26 bases from the XBP1 transcript, which is relegated and now encodes a
fully active transcription factor, XBP1(S). XBP1(S) transactivates a number of UPR targets and, later in the response, is
negatively regulated via heterodimerization with the unspliced form of XBP1 [XBP1(U)]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).
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subunit of the translation-initiation factor-2 (elF2x), which
results in the inhibition of most cap-dependent translation
(40). This is sufficient to affect 70-90% of the protein synthesis
after UPR activation with conventional pharmacologic in-
ducers like thapsigargin or DTT. Paradoxically, the phospho
elF2o0-dependent translation arrest allows translation of the
ATF4 transcription factor. ATF4 is constitutively transcribed,
but the presence of a number of small open reading frames in
the 5" untranslated region of the mRNA prevents translation
initiation at the correct methionine (38). When general trans-
lation is dramatically reduced, ribosomes bind to the correct
initiating methionine, and the ATF4 protein is synthesized.
ATF4 in turn binds to the promoter of GADD34 (79), the
regulatory subunit of the PP1 phosphatase, which serves to
dephosphorylate elF2o and restore cap-dependent translation
(90).

Another target of ATF4 is the C/EBP homologous tran-
scription factor CHOP (77). CHOP can heterodimerize with C/
EBP family members, displacing them from their normal
targets and allowing them to bind and transactivate new
targets (103). In addition, CHOP homodimers have dis-
tinct targets of their own (126). Although CHOP induction
occurs very early during UPR activation, it has been linked to
apoptosis at later times in the stress response in some cell
types and in various disease states (144).
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ATF6. The third ER stress sensor ATF6 is specific to
metazoans and occurs in two isoforms in mammals (o and f),
although ATF60 appears to play a larger transcriptional role
in the UPR (1) (Fig. 6). ATF6 is retained in the ER during
nonstress conditions vig its association with BiP (113). Once
BiP is released in response to the accumulation of unfolded
proteins, ATF6 translocates to Golgi, which is regulated by
two Golgi localization signals that are encoded within the
luminal domains of these proteins (113). ATF6 then becomes a
substrate of the site 1 and 2 (S1P and S2) proteases, which
liberate the cytosolic domain that encodes the transcription
factor (139). Cleaved ATF6 migrates to the nucleus to activate
transcription of ER chaperones, a number of protein disulfide
isomerases that catalyze the formation or reduction or both of
disulfide bonds; Erolf, which plays an important role in
maintaining the oxidizing environment of the ER; several
proteins involved in ER-associated degradation; and the
XBP1 gene (1, 138). Studies using knockout MEFs revealed
that ATF6u plays a major role in the induction of chaperones
and folding enzymes, whereas ATF6ff must heterodimerize
with XBP1(S) to transactivate ERAD components. Interest-
ingly, although mice that are null for either ATF6o. or ATF6f
develop normally, mice that are deficient in both ATF6 iso-
forms die in utero (1), arguing that functional redundancy
exists between these two genes during development.
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FIG. 5. PERK signaling pathway. Like Irel, PERK exists as a BiP-bound monomer under normal physiologic conditions.
On activation, PERK oligomerizes, and its kinase domain is activated. The target of this kinase is a component of the
translation-initiation complex, EIF2a, which results in a transient inhibition of most cap-dependent translation. Downstream
of the translational arrest is the activation of NF-«B due to loss of IxB, a G; cell-cycle arrest, and paradoxically, the translation
of ATF4, a transcription factor that upregulates a number of genes involved in ROS metabolism, as well as GADD34, which
dephosphorylates elF2¢, allowing translation to resume. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www.liebertonline.com/ars).
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FIG. 6. ATF6 signaling pathway. ATF6 is synthesized as a transmembrane protein with a luminal stress-sensing domain
that binds to BiP and a cytosolically oriented transcription-factor domain. During ER stress, BiP is released, allowing it to be
transported to the Golgi, where it is cleaved by SI1P and S2P proteases. The liberated transcription factor trafficks to the
nucleus and upregulates ER chaperones and the XBP1 mRNA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www .liebertonline.com/ars).

Cytoprotective versus cytodestructive
aspects of the UPR

It appears that, in most cases, the UPR can be considered
a cytoprotective response. In addition to the prosurvival
aspects of the response outlined earlier, a number of anti-
apoptotic responses are initiated. For instance, the PERK-
induced translational arrest leads to the loss of IkB,
thereby activating NF-xB (57). This in turn upregulates anti-
apoptotic proteins like Bcl2 (82). Other studies suggest
that a pool of BiP, which is upregulated by the ATF6 branch of
the UPR, can relocalize to the cytosol and bind to caspase-7 and
caspase-12, which prevents their activation (99, 100). Finally,
glycogen synthase kinase-3f (GSK3) is activated by NF-«B in
response to ER stress and can contribute to cell survival by
phosphorylating p53, which accelerates its degradation (97).

However, it is clear that if stress conditions persist for long
periods or are particularly severe, the UPR also can lead to the
activation of apoptotic cascades that kill the cell to protect the
organ or organism. In addition to the three resident ER UPR
transducers described earlier, a dedicated ER stress—inducible
caspase has been identified. Procaspase-12 is localized to the
cytosolic face of the ER membrane (87). Mice that are null for
caspase-12 are more resistant to tunicamycin-induced apo-
ptosis. Although the human caspase-12 gene contains several
missense mutations and clearly cannot have a role in UPR-
induced apoptosis, recent data indicate that caspase-4 in hu-
mans is homologous to murine caspase-12 and is activated in
an ER-stress—specific manner, indicating that it might be the
human caspase-12 orthologue (48).

Caspase-12/4 activation is a component of the intrinsic cell-
death pathway and leads to the downstream cleavage of
procaspase-9 and —3 (87). In addition to activation of the
caspase cascade, several proapoptotic genes also are activated
by the UPR pathway. CHOP, which is proapoptotic in a
number of settings, downregulates antiapoptotic proteins like
Bcl2 and increases free oxygen species, causing mitochondrial
membrane damage and cytochrome c release, which induces
apoptosis (82). The increases in cytosolic calcium that occur
during UPR activation lead to upregulation of the proa-
poptotic protein BAD, leading to further cytochrome c release
and activation of APAF1 (132).

The higher cytosolic calcium levels observed during ER
stress also can induce calpain activation, which in turn leads
to procaspase-12 cleavage (87) and activation of the caspase-9
cascade (85). Finally, during ER stress, Irel can recruit TRAF2
and induce procaspase-12 clustering and activation (140).
Askl can be recruited to the Irel /TRAF2 complex and acti-
vated, leading to JNK activation. JNK in turn induces the
proapoptotic protein Bim (72, 96) and inhibits the antiapop-
totic protein Bcl2 (137).

Oxidative Folding and ROS

To prepare proteins for ultimate expression outside the cell,
which is an oxidizing environment, the ER of eukaryotic cells
has evolved an appropriate environment and a host of pro-
teins that can catalyze the formation of disulfide bonds be-
tween two thiol groups (-SH) on juxtaposed cysteine residues.
Oxidative folding is dependent on the maintenance of an
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oxidizing environment in the ER, as disrupting this environ-
ment with agents like DTT inhibits the formation of disulfide
bonds (9).

Recently, significant advances have occurred in our under-
standing of this process, which reveal that oxidative folding is
an enzyme-driven reaction that involves a cascade of disulfide
bond transfers from at least two enzymes to the substrate
protein (109, 125) (Fig. 3). Enzymes that catalyze disulfide bond
formation are referred to as oxidoreductases, because they
usually have the ability both to initiate the formation of a dis-
ulfide bond during oxidative folding, and to reduce disulfide
bonds. The reduction of disulfides is important for the isom-
erization of incorrect bonds that can form during folding
(56, 69) and to prepare partially folded proteins for retro-
translocation and degradation (128). The activity of an oxido-
reductase is dependent on the oxidative state of its active site,
with the enzyme serving as an oxidase when the site is oxidized
and as an isomerase or reductase when it is reduced (109, 125).

The disulfide-exchange reaction is initiated when a free
thiol in the substrate is deprotonated, allowing it to interact
with the disulfide bond on the oxidoreductase enzyme. This
leads to an intermediate step in which the disulfide bond in
the donor is reduced, permitting it to form a covalent bond
with a cysteine in the acceptor protein. The resulting “mixed
disulfide bond” is then resolved by a second exchange reac-
tion in which the remaining thiolate anion of the substrate
attacks the mixed-disulfide bond, allowing the bond to form
within the substrate (109, 125). Once PDI donates its disulfide
bond to a substrate, the resulting reduced active site must be
reoxidized to catalyze another disulfide bond.

A combination of genetic and biochemical studies in yeast
led to the discovery of an FAD-bound, ER oxidase, Erolp (30,
123). Erolp is tightly associated with the luminal face of the
ER membrane and is essential to oxidative folding in yeast (29,
95) due to its ability to oxidize PDI, although it has no ho-
mology to any other redox enzymes. Erolp is directly oxi-
dized by molecular oxygen in a flavin-dependent reaction
and is highly responsive to small changes in physiologic levels
of free FAD, which explains the dependence of oxidative
folding on cellular FAD levels (124). FAD is synthesized in the
cytosol but can readily enter the ER lumen and promote
Erolp-catalyzed oxidation. Two Erolp homologues exist in
mammalian cells, Erolo and f (12, 94), which are also flavo-
enzymes that are oxidized by molecular oxygen (133). Con-
sistent with its role in protein folding, both yeast Erolp and
human Erolp are induced by the unfolded protein response.
The disulfide reaction involves a flux of electrons from the
substrate acceptor of the disulfide bond to the oxidoreductase
enzyme to Erol, which is consequently passed to molecu-
lar oxygen. This results in the production of stoichiometric
amounts of reactive oxygen species (ROS) (36). In the case of
isomerization or reductase activities, the flow of electrons and
passage of disulfide bonds occurs in the opposite direction.

The best-characterized oxidoreductase enzyme is protein
disulfide isomerase (PDI), which has four thioredoxin-like
folds (31). Two of these contain CXXC catalytic sites, which
must be oxidized to transfer this bond to the substrate, and at
least one of the other thioredoxin-like folds is involved in
substrate recognition (63). PDI exists largely in two semiox-
idized states in vivo (i.e., either the first or the second active site
is oxidized), arguing that it can function as an oxidase or as a
reductase/isomerase (2).
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Nearly 20 PDI-like family members have been identified in
human cells, which display a wide range of domain comple-
ments and active-site chemistries, and about half of them have
been shown to have oxidoreductase activity in vitro (3). The
large number of PDI-like proteins in the mammalian ER al-
lows them to participate in specific functions. One of these,
ERp57, interacts with the glycoprotein-specific ER chaperones
calnexin and calreticulin and assists in the formation of dis-
ulfide bonds in glycosylated proteins (93). Another, ERdj5,
acts as a reductase to promote protein unfolding to prepare
misfolded proteins for retrotranslocation and degradation via
the ERAD pathway (128). Although several of these (i.e.,
PDIp) have limited tissue expression, which may suggest a
unique function or substrate, in most cases, specific roles for
these oxidoreductases are not well understood. This is prob-
ably because of difficulty in determining their natural sub-
strates, because the formation of mixed disulfides with
substrates is usually very transient, and thus, it is very hard to
detect endogenous enzyme-substrate complexes (2).

Integrative Stress Response

Because molecular oxygen serves as the electron acceptor
for the disulfide reaction, it would appear that one molecule of
hydrogen peroxide should be generated for each disulfide
bond formed (36), suggesting that its activity must be regu-
lated according to the folding load to protect the cell from the
consequences of oxidative folding. In bacteria, this is con-
trolled by coupling oxidative folding to the respiratory chain,
which can reduce molecular oxygen to water (4). However, in
eukaryotic cells, oxidative folding occurs in the ER, and res-
piration, in the mitochondria. Although the mechanism for
dealing with the reactive oxygen species (ROS) generated in
eukaryotic cells remains unclear, several recent studies shed
some light on this problem (Fig. 7). Erol activity is regulated
by reduction of its CXXC sites by reduced glutathione (GSH)
(84; 111). Increased Erolp activity, which occurs in secretory
cells, leads to enhanced GSH synthesis (84), which in turn can
inactivate ROS. Thus, it would appear that Erol is both a
major contributor to the problem by catalyzing oxidative
folding as well as part of the solution. A second level of con-
trolling ROS levels is achieved through UPR induction, which
can occur in response to oxidative damage to ER proteins (61,
68). The activation of PERK appears to play a critical role in
controlling this damage, as studies in Caenorhabditis elegans
revealed that stressing worms that lack PERK leads to sig-
nificant accumulation of peroxide (42). This can be eliminated
by reducing Erol levels, presumably because oxidative fold-
ing is dramatically decreased. The PERK-mediated phos-
phorylation of elF2« leads to a translational arrest (40), which
both reduces the number of proteins that would be under-
going oxidative folding and allows translation of ATF4. A
number of different cellular stress conditions activate other
elF2« kinases and therefore also induce ATF4 expression (38)
and its downstream targets, which has led to this branch of the
UPR being referred to as the integrative stress response (42)
(Fig. 8). Studies on ATF4-null cells revealed that ATF4 regu-
lates a number of genes that are important in protection from
oxidative stress. These include genes involved in the import
and metabolism of thiol-containing amino acids that serve as
precursors to glutathione, and proteins involved in redox re-
actions like heme oxygenase-1 (42), glutathione peroxidase
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FIG. 7. The UPR and ROS. Erol-catalyzed oxidative fold-
ing leads to the production of ROS, which in turn can damage
proteins in the ER and activate the UPR, leading to the pro-
duction of proteins that detoxify ROS. Conversely, UPR acti-
vation causes calcium release from the ER, which leads to
mitochondrial dysfunction and the production of more ROS.
Erol also leads to increases in GSH, which suppresses ROS,
demonstrating the opposing functions of Erol and the UPR in
regulating ROS. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of
this article at www liebertonline.com/ars).
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FIG. 8. The integrative stress response. Four different
elF2¢ kinases have been identified in mammalian cells:
GCN2, PERK, PKR, and HRI, which share the responses
downstream of elF2a phosphorylation, including ATF4 up-
regulation. ATF4 is responsible for much of the cellular re-
sponse to combat ROS production in response to oxidative
folding, including increased production of thiol-containing
amino acids, which are precursors to GSH and proteins that
regulate redox reactions. (For interpretation of the references
to color in this figure legend, the reader is referred to the web
version of this article at www liebertonline.com/ars).
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(62), and peroxiredoxin-1 (62), which protect the cell from
oxidative stress. Finally, the enhanced degradation that is a
component of the UPR also appears to be important in con-
trolling oxidative stress. Several studies have shown that in-
hibiting ERAD with proteasomal inhibitors leads to increased
ROS accumulation in cells (52, 68).

Although UPR activation can neutralize the affects of ROS
production, it is clear that, in some cases, it can also contribute
to the problem (Fig. 7). The leakage of Ca®" from the ER in
response to ER stress is taken up by the mitochondria, where
it disrupts the electron-transport chain that produces ATP and
generates ROS via multiple pathways (14, 23). Second, acti-
vation of the UPR in response to pharmacologic agents can
lead to the upregulation of the gene for inducible nitric oxide
synthase (iNOS), which generates nitric oxide and in turn
produces ROS through both calcium-dependent and calcium-
independent pathways (67). However, iNOS also regulates
genes involved in thiol metabolism, which serves to limit the
build-up of ROS (62), and pretreatment of a murine fibro-
sarcoma line with a UPR inducer diminished ROS production
in response to TNF-o and reduced cell death (136). Together
these data argue that, although the UPR can contribute to ROS
production, it largely serves to protect cells by scavenging
ROS and even repairing cellular damage (18).

Protein Folding in the Secretory Tissues

Secretory tissues like liver, pancreas, and plasma cells have
a greatly expanded ER, which is populated with increased
levels of molecular chaperones and folding enzymes to ac-
commodate the large volume of proteins that are being syn-
thesized for export. The vast majority of these nascent
proteins undergo oxidative folding in the ER, which should
lead to the production of large quantities of ROS. It has been
estimated that Erol-mediated folding could account for
~25% of cellular ROS production during protein synthesis in
the average cell, and this is likely to be even higher in secre-
tory cells (125). Thus, it is reasonable to assume that these cells
have developed specific ways to neutralize ROS and maintain
themselves as protein factories, although at present, this has
not been well studied. The unique properties of two very
different types of secretory tissues and the distinct strategies
they use that allow them to produce large quantities of se-
creted proteins that undergo oxidative folding provide in-
sights into this important problem.

Pancreatic f cells

Pancreatic f§ islet cells are specialized in the production and
secretion of insulin. In the absence of normal insulin synthesis
and secretion, blood glucose levels increase and can result in
diabetes. Conversely, excess insulin can lead to abnormally
low blood glucose levels, termed hypoglycemia. Therefore, it
is very important to maintain proper insulin levels. The
pancreatic i cells produce insulin in response to increased
blood glucose levels, and when blood glucose levels decrease,
insulin synthesis is negatively regulated (105). Although a
modest transcriptional upregulation of the insulin gene oc-
curs when glucose levels increase or decrease, the majority of
insulin regulation occurs posttranscriptionally at the level of
both translation and regulated secretion. Insulin is synthe-
sized as preproinsulin. Soon after translocation into the ER
is initiated, the signal sequence is cleaved, and the soluble
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insulin precursor, proinsulin, begins to fold, which includes
the formation of three intrachain disulfide bonds (35, 105).
Once folding is complete, proinsulin is transported to the
Golgi, where it undergoes further proteolyic processing by
the PC1 and PC2 proteases, which remove an internal pep-
tide. The mature insulin is then packaged into secretory
granules and can be rapidly released as the need arises. Under
hypoglycemic conditions, the pancreatic f—islet cells contain
a large pool of insulin mRNA that can represent up to 20% of
the total mRNA in these cells, which is transcriptionally qui-
escent (35, 130). This pool of insulin transcripts is rapidly re-
cruited to polysomes in response to transient increases in the
blood glucose level, which can lead to an ~50-fold increase in
insulin biosynthesis (35). Under these conditions, the insulin
precursor can compose up to 50% of the total protein syn-
thesized in the f§ cell (107, 130), and the rate of insulin trans-
lation in f cells can approach ~1 million molecules per
minute per cell (105). Given that three disulfide bonds are
formed per molecule of insulin, this would conceivably result
in the production of 3 million molecules of ROS being gen-
erated per minute! However, pancreatic f§ cells express rela-
tively low levels of enzymes that neutralize ROS or are redox
regulating (i.e., catalase, glutathione peroxidase, superoxide
dismutase, and thioredoxin) (62, 89), arguing that they should
be particularly sensitive to oxidative stress. In contrast, ex-
pression of genes encoding the rate-limiting enzyme for glu-
tathione synthesis (i.e., y-glutamylcysteine ligase) is similar in
p-islet cells compared with other metabolic tissues, indicating
that glutathione (GSH) may be important in suppressing ROS
in these cells (122).

High-glucose treatment reduces ratio of GSH/GSSG, and
this ratio was further decreased by inhibiting ERAD by pro-
teasomal inhibitors (62). Under these conditions, y-GCL,
glutathione peroxidase, and peroxiredoin-1 were upregu-
lated. However, inhibition of nitric oxide synthase weakened
the effect, suggesting that, in some cases, nitric oxide may also
play a protective role against ROS in f cells.

The balance between nitric oxide and ROS appears to be
particularly important, as reaction of nitric acid with su-
peroxide can generate peroxynitrite, which is a potent oxi-
dant and can lead to apoptosis in multiple tissues, including
the pancreas (24, 26). The accumulation of peroxynitrite can
also induce the ER stress response and activate PERK, which
is important in protecting against apoptosis (76). In other
studies, the accumulation of ROS was shown to induce ap-
optosis in insulin-producing cells via c-Jun N-terminal pro-
tein kinase (JNK) and p38 MAPK activation (51). In
addition, ROS suppresses the transcription of the insulin
gene by decreasing the expression of pancreatic and duo-
denal homeobox factor-1 (PDX-1), which controls proinsulin
mRNA levels and plays a major role in maintaining normal
p-cell function (118).

Antioxidant treatment or overexpression of antioxidant
enzymes in fi-cells can restore the expression of insulin sup-
pressed by high levels of glucose (119, 120), and using anti-
oxidants to treat an animal model of diabetes preserved
insulin expression and protected against decreases in pan-
creas size (59, 119). These data indicate that oxidative stress
occurs in pancreatic cells and is tightly linked to the f-cell
dysfunction and the onset of the diabetes.

It appears that a major mechanism for limiting oxidative
stress in the pancreatic f cells is through controlling the
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translation of insulin. This largely occurs via changes in the
phosphorylation status of elF2a (105). The role of the UPR in
regulating this was revealed in studies on the PERK-null mice,
which develop diabetes (39). elF2a is constitutively active at
low levels in pancreatic cells under normal physiologic con-
ditions. In the absence of PERK, insulin synthesis is initially
much higher than in control littermates, which ultimately
leads to increased cell death of the exocrine cells, and finally to
hyperglycemia (39). These studies indicate that the ER stress-
induced translational attenuation that occurs with glucose
stimulation of the pancreatic f§ cell is critical for proper control
of insulin production. However, mice that are heterozygous
for mutation in the phosphorylation site of elF2« (Ser 51 — A)
also develop diabetes when fed a high-fat diet because of the
reduced insulin secretion (106), underscoring that the trans-
lational control of insulin production must be carefully reg-
ulated.

Further investigation revealed that elF2u is quickly de-
phosphorylated by protein phosphatase-1 (PP-1) when f cells
are stimulated by glucose (131). Conversely, elF2« is phos-
phorylated in response to decreases in glucose concentrations,
which is also primarily mediated by the activation of PERK
(34). How PP-1 and PERK are activated under hyper- or hy-
poglycemic conditions, respectively, is currently unclear, but
it seems that both require novel upstream signaling molecules
that are not used in the regular UPR pathway, and the balance
of the activities of PP-1 versus PERK may be the largest factor
that regulates the synthesis of insulin. Importantly, mutations
in PERK were found to cause Wolcot-Rallison syndrome, a
rare human autosomal recessive genetic disorder character-
ized by early infancy type I diabetes (22).

In addition to the PERK pathway, Irela is also constitu-
tively activated in the pancreas (55). Irel phosphorylation is
coupled to insulin biosynthesis in response to transient high-
glucose treatment of pancreatic islet cells, and reducing Irel
levels with shRNA interfered with insulin synthesis un-
der these conditions (73). The importance of this pathway in
insulin synthesis was further demonstrated by studies that
revealed that Wolfram syndrome, another genetic form of
juvenile diabetes, is caused by mutations in WFS1, a trans-
membrane ER protein that is regulated by Irel and plays an
important role in ER homeostasis in pancreatic f§ cells (27).
In contrast, when f cells are exposed to prolonged high glu-
cose, Irela activation leads to the suppression of insulin gene
expression (73). This was found to be due in part to an Irela-
mediated degradation of insulin transcripts (74). This adap-
tation may play a critical role in maintaining homeostasis in
pancreatic f cells and could explain why the f cells in type 2
diabetes patients with chronic hyperglycemia stop producing
insulin, which occurs in the absence of apoptosis.

Plasma cells

Unlike pancreatic cells, most plasma cells are very short
lived to limit the production of antibody once its specific an-
tigen has been eliminated. These cells therefore encoun-
ter different types of problems and use different strategies
to cope with them. Quiescent 8 lymphocytes are the precursor
to antibody-secreting plasma cells. They have very little ER
and are largely metabolically inactive (44). Once they are ac-
tivated by antigens or mitogens, they undergo terminal dif-
ferentiation to become plasma cells, which produce and
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secrete massive amounts of immunoglobulin (Ig) to protect
the organism from microbial pathogens. Antibodies are as-
sembled from two identical heavy chains (HCs) and two
identical light chains (LCs), both of which are composed of
multiple Ig domains. Each domain has one intrachain di-
sulfide bond, and the HCs are linked by interchain disulfide
bonds to form homodimers, to which each of the two LCs are
added through an additional interchain disulfide bond. In the
case of IgM and IgA, these monomers are further assembled
into disulfide-bridged polymers (pentamers and dimers, re-
spectively) with the aid of a J chain. In IgM-producing plasma
cells that have been estimated to produce up to 1,000 anti-
bodies per second (44), this entails the formation of ~100,000
disulfide bonds per second, which should result in the for-
mation of 100,000 molecules of ROS! However, it is important
to note that no measurements of ROS accumulation in plasma
cells have been performed. The activation of B cells by antigen
is followed by dramatic changes in the intracellular environ-
ment, including explosive expansion of the ER and other or-
ganelles of the secretory pathway, upregulation of molecular
chaperones and folding enzymes, and increased production
of mitochondria to supply the energy required (112, 129). This
process begins within a day of stimulation and lasts only a few
days before the plasma cells undergo an apoptotic death.

The UPR plays a critical role in terminal plasma cell
differentiation and contributes to the expansion of the
secretory-pathway organelles, the increased production of
mitochondria, and the upregulation of chaperones, folding
enzymes, and proteins involved in amino acid synthesis,
metabolism, and redox regulation of the ER (112). However,
this does not appear to be a conventional UPR, as only some
branches are activated, and the signal for activation is not
clear, because UPR induction occurs before the massive in-
crease in Ig synthesis in the ER (32, 54).

XBP1 was shown to be required for plasma cell differentia-
tion (102) well before it was known that XBP1 must undergo
Ire-1-mediated splicing to become a fully functional tran-
scription factor. It was subsequently shown that only the
spliced form of XBP1 supported differentiation (54). Studies on
B cell lines and splenic B cells demonstrated that soon after LPS
stimulation, XBP1 splicing could be detected, as well as the
upregulation of its downstream targets. Microarray studies on
differentiating plasma cells revealed that XBP1 is responsible
for the vast majority of the architectural changes that take
place, as well as the increases in proteins needed to support
them (112). XBP1 also plays a role in increasing the degradative
capacity of the cell and upregulating Ero1f. In addition, ATF6
cleavage occurs during differentiation, leading to increased
transcription of molecular chaperones and enzymes that are
essential to oxidative folding (138). However, unlike the con-
ventional UPR, PERK does not appear to be activated, because
PERK and elF2o0. phosphorylation are not detected during
plasma cell differentiation, nor is either GADD34 or CHOP
induction observed (32). However, this is not because the PERK
pathway is nonfunctional in B-lineage cells, because they can
activate this branch in response to conventional UPR inducers
like tunicamycin and thapsigargin.

Thus, whereas pancreatic cells use the PERK branch of the
UPR to control protein synthesis (39), thus allowing them to
limit oxidative stress and the demands on the system, plasma
cells appear to use a “go for broke” strategy, which allows
them to continue to produce extremely high levels of protein
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during this period. This underscores a dramatic difference
between these two types of tissues. Whereas plasma cells are
very short lived and therefore less sensitive to long-term ef-
fects of oxidative damage to DNA and other macromolecules,
pancreatic cells must continuously deal with the conse-
quences of the ROS produced in response to insulin synthesis.
Plasma cells do use general methods for dealing with oxida-
tive stress, including the upregulation of NADPH oxidases
like NOXAZ2, Prx1, and a plasma cell-specific oxidoreductase,
PC-TRP (80). In addition, Nrf-2, a redox-regulated transcrip-
tion factor, is induced and mediates upregulation of gluta-
thione S-transferase and glutamyl cysteine ligase, which are
rate-limiting genes for GSH synthesis, as well as heme oxy-
genase-1, phase II detoxifying enzymes, and other antioxidant
factors (80). Perhaps the upregulation of these enzymes allows
them somewhat to limit oxidative damage during the rela-
tively short lifetime of a plasma cell. Ultimately after only
about 4 days of high-level protein synthesis, plasma cells
succumb to an apoptotic death. It is likely that amino acid
supplies and energy production become limiting to the plas-
ma cell. The biosynthesis of any protein is likely to result in a
certain number of misfolded proteins that must be identified,
corrected, or targeted for degradation. It seems likely that the
number of misfolded Ig proteins might increase as amino acid
synthesis and ATP production are saturated. Studies have
shown that the degradative capacity of the plasma cell is di-
minished at later stages, perhaps because the proteasomes are
also saturated with misfolded proteins that must be disposed
of (16). This correlates with stabilization of proteins like IxB,
thus diminishing the protective role of NF-xB, as well as
proapoptotic factors like Bim and Bax (16).

Finally, it is very likely that perturbations in the ER redox
potential and accumulated ROS contribute to plasma cell
death (80). Although the majority of plasma cells are short
lived, a small proportion migrate to the bone marrow and
become long-lived plasma cells, which continue to produce
large quantities of Ig (98). How these cells are able to continue
to do so without succumbing to apoptosis is not well under-
stood. It is conceivable that they use strategies similar to those
of pancreatic cells, or alternatively, that lineage-specific fac-
tors to deal with oxidative damage are induced.

In conclusion, the formation of disulfide bonds in secretory-
pathway proteins is essential to their proper folding. However
the byproduct of each bond formed is a molecule of ROS. This
would seem to be an extremely high price for secretory tissues
to pay to produce large quantities of secreted proteins. Recent
studies have shed light on some of the strategies that these
tissues use, although clearly, much more research is required to
understand this very important problem of biology.
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