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Abstract

Significance: The biogenesis of most secreted and outer membrane proteins involves the formation of structure
stabilizing disulfide bonds. Hence knowledge of the mechanisms for their formation is critical for understanding
a myriad of cellular processes and associated disease states. Recent Advances: Until recently it was thought that
members of the Erol sulfthydryl oxidase family were responsible for catalyzing the majority of disulfide bond
formation in the endoplasmic reticulum. However, multiple eukaryotic organisms are now known to show no or
minor phenotypes when these enzymatic pathways are disrupted, suggesting that other pathways can catalyze
disulfide bond formation to an extent sufficient to maintain normal physiology. Critical Issues and Future
Directions: This lack of a strong phenotype raises multiple questions regarding what pathways are acting and
whether they themselves constitute the major route for disulfide bond formation. This review critically examines
the potential low molecular oxidants that maybe involved in the catalyzed or noncatalyzed formation of dis-
ulfide bonds, with an emphasis on the mammalian endoplasmic reticulum, via an examination of their ther-
modynamics, kinetics, and availability and gives pointers to help guide future experimental work. Antioxid.

Redox Signal. 16, 1129-1138.

Introduction

ATIVE DISULFIDE BOND FORMATION is an essential step of

the biogenesis of many proteins. In vitro and in vivo it is a
relatively slow and complex process, which can be broadly
broken down into two parts, disulfide bond formation and the
subsequent rearrangement of nonnative disulfide bonds to
their native state. Catalysts for both of these steps are found in
the compartments in which structural disulfide bonds are
formed: the bacterial periplasm, the endoplasmic reticulum
(ER), the intermembrane space of mitochondria, and the cy-
toplasm of some hyperthermophiles (10, 25, 39, 42, 47).

This review will focus on the first step in the process and, in
particular, disulfide bond formation in the ER of mammalian
systems. For more than 30 years low-molecular-weight com-
pounds, in particular glutathione, were thought to play a
primary role in disulfide bond of both mammals and other
eukaryotes such as yeast. However, from 1998 onward the
major route for oxidation in the ER was thought to be via the
ER-resident sulfhydryl oxidase family member Erol (re-
viewed elsewhere in this Forum; 40) with protein disulfide
isomerase (PDI) (21) as an intermediate (Fig. 1A). This orga-
nization mirrors the pathways subsequently found in the
mitochondrial intermembrane space (42) and parallels can
easily be drawn with the known pathways in the periplasm

(25). However, it is known that premature termination of Erol
is not lethal in Drosophila melanogaster (52), that its down-
regulation by RNAi enhances the lifespan of Caenorhabditis
elegans (14), and that mice with both Ero1 isoforms disrupted
show a relatively minor phenotype (59). While none of these
systems may result in complete abolition of Erol activity, with
concomitant issues arising regarding residual activity (Fig. 1),
these results lead to the questions: What are the alternative
routes for disulfide bond formation in these systems? and
what is the physiologically normal route for disulfide bond
formation in wild type animals, is it based on Erol or some-
thing else?

There are a variety of possible answers to the first question,
all of which are based on the catalyzed or noncatalyzed use of
low-molecular-weight oxidants to form disulfide bonds.
These possible routes form the basis of this review.

Whatever the scenario, to answer either question, three
requirements must be considered—thermodynamics, kinet-
ics, and availability; that is, are the reactions thermodynami-
cally favored based on the relative reduction potentials of the
reactants? Are the kinetics, catalyzed or noncatalyzed, suffi-
ciently fast to be physiologically relevant? Are the species
available in sufficient amount to account for disulfide bond
formation? For all of the possible low-molecular-weight oxi-
dants these three questions must be addressed.
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FIG. 1. Disulfide bond formation by Erol after DTT treatment in cells derived from wild-type and disrupted mice. (A)
Schematic view of Erol-dependent oxidation. Erol oxidizes PDI which in turn oxidizes GSH and substrate proteins. After
DTT treatment both protein disulfides and GSSG are reduced in the ER and there will be competition between oxidation of
GSH and protein dithiols. Since the reaction of oxidized PDI with GSH is fast (half-time 0.08 s at 10 mM GSH) (31) the initial
preferential oxidation by PDI might be oxidation of GSH to GSSG. This is beneficial as it rapidly restores the optimal redox
state for oxidative folding and allows more rapid reoxidation by other PDI family members. (B) Schematic view of subse-
quent oxidation reactions post-DTT washout. Once GSSG levels have been restored, PDI family member (PDIgy)-dependent
oxidation of substrate proteins occurs. The activity of Erol is switched off by the formation of regulatory disulfide bonds (3-5)
to maintain an appropriate redox potential. (C) The scheme in (B) shown as a representative kinetic trace; note that the
predicted restoration of protein disulfides (A) lags behind restoration of GSSG (O). Since in vivo kinetics are not known and
since the kinetics will be protein-dependent, PDIgy-dependent, and dependent on the concentration of all of the species
involved, no time is shown on the x-axis. The kinetic trace was generated using representative in vitro rate constants for PDI,
in vivo rates of restoration of GSSG levels after DTT washout, and published estimates for concentrations of the species. It
assumes that Erol is the major route for restoration of GSSG. (D) The scheme in (B) for wild-type (open symbols) and Erol
disrupted cells (filled symbols) represented in a kinetic trace for protein disulfides (triangles) and GSSG (circles). The Erol
disrupted mice are not complete knockouts. Hence Erol-dependent oxidation is likely to be reduced, but not abolished.
Simple modeling of a reduction in the initial rate of oxidation by 10-fold—consistent with a 10-fold decrease in Erolf in
pancreatic cells of Erol disrupted organisms (59) and a 3-fold decrease in equilibrium GSSG levels—consistent with a
decrease in total glutathione in the disrupted mouse embryonic fibroblasts (4) gives the representative kinetic profiles shown.
The curves in (C) and (D) are consistent with published data on GSSG recovery (4), restoration of the redox state of Erp57 (4),
and the use of a ro-GFP reporter protein (53). This suggests that Erol may provide the major route for disulfide bond
formation in the ER of wild-type mammalian cells and in the disrupted mouse. PDI, protein disulfide isomerase; GSH,
reduced glutathione; GSSG, oxidized glutathione; DTT, dithiothreitol.

Molecular Oxygen

For aerobic organisms, or facultative anaerobes growing
in aerobic conditions, molecular oxygen, O,, is the ultimate
electron acceptor, that is, the net oxidant, in most biochemical
pathways. As the derivation of the word oxidation suggests,
oxygen is a potent oxidant with a reduction potential of
816mV. This is more than a volt more oxidizing than the
reduction potential for a disulfide/dithiol redox couple in an
unfolded protein (Fig. 2). Hence, thermodynamically the
oxidation by molecular oxygen of two cysteine side chains to
form a disulfide bond is favored to the extent where it can be
considered to be an irreversible reaction. The hydrogen per-
oxide produced as a byproduct in this reaction (Fig. 3A) can
also be used to generate disulfide bonds (see Hydrogen Per-
oxide and Other Reactive Oxygen Species section). In vitro
molecular oxygen is sufficient to oxidize cysteine side chains
to form disulfide bonds; indeed this reaction forms the basis of
most oxidative protein refolding on an industrial scale.

While thermodynamically favored, the noncatalyzed gen-
eration of disulfide bonds by molecular oxygen is kinetically
too slow to be a significant physiological route in the ER.
In vitro the reaction is catalyzed by the presence of transition
metal ions, but in vivo the levels of these ions are highly reg-
ulated and most are present in complexes; for example, iron is
stored in ferritin inside the cell (34). Hence the level of free
metal ions is so low that metal ion—catalyzed oxidation by
molecular oxygen will also not be a significant physiological
route in the ER.

There are multiple enzymes that catalyze the oxygen-
dependent formation of disulfide bonds including Erol. In
addition to two Erol family members, mammals have two
other sulthydryl oxidases that enter the ER, quiescin sulthydryl
oxidase (QSOX) 1 and 2. Both of these are transmembrane
proteins, though QSOX1 has a splice variant that is a soluble
secreted protein, and both contain an ERV/ALR sulfthydryl
oxidase domain and a thioredoxin-like domain. This combi-
nation of domains makes QSOX family members very efficient
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at catalyzing disulfide bond formation in vitro (28). QSOX1 is the
best studied and is thought to be a post-ER secretory pathway
protein based on V5-tagged protein localization studies (12).
Hence, it is unclear whether it can significantly contribute to
disulfide bond formation in the ER under physiological con-
ditions. Furthermore, while its overexpression in yeast does
allow viability of an erol-deleted strain, the growth of this
strain is significantly slower than that of a strain rescued by
overexpression of an ER-resident sulthydryl oxidase Erv2p
(12). Consistent with this observation, a genetic interaction has
been found between QSOX1 and Erol in Drosophila, with the
proposal that QSOX1 plays a redundant role in disulfide bond
formation in the Notch signaling protein (52).

QSOX2 has been described as being a nuclear and outer
plasma membrane protein (55), but the intracellular localiza-
tion shown, in a network on one side of the nucleus, is remi-
niscent of ER staining. Furthermore, QSOX2 contains an RXR
motif in its C-terminal cytoplasmic region and such motifs are
responsible for ER localization of other proteins involved in
oxidative protein folding, for example, TMX4 (43). It is
therefore plausible that QSOX2 may contribute significantly
to oxidative folding in the ER via catalyzing the molecular
oxygen-dependent oxidation of a dithiol to a disulfide.

The third issue that requires addressing relates to avail-
ability. At standard temperature and pressure there is around
240 uM dissolved oxygen in a typical aqueous solution. While
the amount of oxygen in the air is fairly constant at 21%, the
amount of oxygen available to a eukaryotic organism may
vary considerably depending on the environment it is in.
Furthermore, in multicellular organisms there are multiple
oxygen gradients (24). These include the following: (i) the
gradient between arterial and venal blood and gradients
within tissues, for example, the liver that has a twofold dif-
ference in oxygen levels across it; (ii) the position of each cell
with respect to the closest blood vessel and oxygen con-
sumption of adjacent cells; and (iii) oxygen consumption
within cells leading to intracellular oxygen gradients. While it
is effectively impossible to measure oxygen levels in the ER of
specific cells in a multicellular organism it is likely that oxygen
levels will be several orders of magnitude greater than that
required to sustain disulfide bond formation. Indeed, oxygen
consumption required for protein synthesis per se using aer-
obic respiration far exceeds that possibly required for oxygen-

dependent disulfide bond formation.* Hence, if there is en-
ough oxygen to synthesize the protein, then there is sufficient
for it to be directly involved in the sole route for oxidative
folding.

Hydrogen Peroxide and Other Reactive Oxygen Species

Reactive oxygen species (ROS), as the name suggests, are
either derived from or contain oxygen and are highly chem-
ically reactive compounds. A range of ROS exist; the main
biologically relevant ones are superoxide, hydroxyl radicals,
hypochlorite, and peroxides such as hydrogen peroxide. Of
these hydrogen peroxide is the best studied with respect to
oxidative folding of proteins.

The hydrogen peroxide—dependent oxidation of a dithiol to
a disulfide is a two-step process (Fig. 3B). Both reactions are
thermodynamically favored and effectively irreversible. As
long as the peroxide concentrations are not so high as to result
in overoxidation of the cysteine sulfenic acid intermediate to a
sulfinic acid (Fig. 3B, reaction 3), this reaction should effi-
ciently generate protein disulfide bonds with minimal side
reactions. Indeed, this was recently shown to be the case for
hydrogen peroxide—dependent oxidative folding in vitro (26).

While thermodynamically favored and kinetically faster
than oxygen-dependent oxidation, the second order rate
constant for the formation of disulfide bonds in folding pro-
tein substrates by hydrogen peroxide is only 5.0M™'s ™" (26).
This implies that the noncatalyzed reaction is too slow to be a
physiologically significant route for oxidative folding. The
active site of PDI can also directly be oxidized by peroxide,
but this is only circa twofold faster (26) and is similarly
probably too slow to be a physiologically major route for
disulfide formation.

In the last few years two other distinct mammalian ER-
located catalyzed routes for the peroxide-dependent forma-
tion of disulfide bonds have been reported. These are de-
pendent on the enzymes GPx7, GPx8, and PrxIV (38, 49-51,

*Six oxygen molecules are required to generate circa 29 ATP
molecules and circa 5 ATP molecules are required per amino acid
polymerization, that is, approximately one oxygen molecule per
amino acid polymerization event (1, 41). In contrast, one oxygen
molecule is required to generate two disulfide bonds.
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FIG. 3. Schematic representation of disulfide bond for-

mation using oxygen species. (A) Molecular oxygen-de-
pendent disulfide bond formation (catalyzed or uncatalyzed)
results in the formation of hydrogen peroxide. (B) The for-
mation of disulfide bonds using peroxide. The initial reaction
is the reaction of a cysteine thiol group and hydrogen per-
oxide to form a cysteine sulfenic acid intermediate. This
species can either undergo an intra- or intermolecular reac-
tion with another cysteine thiol to generate a disulfide bond
(reaction 2) or another intermolecular reaction with peroxide
to generate the nonproductive cysteine sulfinic acid species
(reaction 3). (C) The oxidation of the active site(s) of PDI by
peroxide (reaction i). There are three reported catalysts for
this reaction: the glutathione peroxidase family members
GPx7 and GPx8 (38) and the peroxiredoxin PrxIV (49-51, 60).
As catalysts of this reaction they have PDI peroxidase
(PDIper) activity. The catalyzed reaction proceeds via two
steps. The first is the peroxide-mediated oxidation of the
PDIper (reaction ii) followed by the subsequent oxidation of
the active site of PDI (reaction iii). It is unclear whether the
oxidized state in the PDIper used in reaction iii is a disulfide
or a cysteine sulfenic acid or a mixture of both. This may be
catalyst dependent. While no direct comparative studies
have been done to date on GPx7, GPx8, and PrxIV, the
published data suggest that the rate-limiting step for GPx7
and GPx8 is reaction ii, while for PrxIV it is reaction iii. PrxIV
is also susceptible to overoxidation to the cysteine sulfinic
acid state [reaction 3 in (B)] (49).

60). While all three enzymes have been shown to act as PDI
peroxidases and hence catalyze the peroxide-dependent for-
mation of disulfide bonds (Fig. 3C), the methodologies used to
characterize them have been very different. Hence, it is diffi-
cult to make conclusive cross-comparisons as to which is more
likely to be the more physiologically significant route.

GPx7 and GPx8 are members of the glutathione peroxidase
family with GPx7 being a soluble protein and GPx8 being
transmembrane. Despite their name they are not glutathione-
dependent peroxidases, but rather they are members of the
thioredoxin peroxidase subfamily (38) and hence in the ER
they are best viewed as PDI peroxidases; that is, they catalyze
the peroxide-dependent oxidation of the active site of PDI
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family members (Fig. 3C). In vitro characterization has shown
that either protein, in conjunction with PD], is able to catalyze
very efficiently peroxide-mediated oxidation of folding pro-
teins to their native state (38). The rate-limiting step in this
reaction is the oxidation of GPx7 or GPx8 by peroxide, with
GPx7 reacting circa 10-fold faster with peroxide than the ac-
tive site of PDI. Both proteins also interact with Erola in vivo
and GPx7 stimulates oxygen consumption by Erol« in vitro.
The simplest model that emerges is that they have evolved to
more efficiently utilize any hydrogen peroxide generated by
Erol during its catalytic activity.

PrxIV is a soluble ER-resident peroxiredoxin. At the sim-
plest level the mechanisms of action of PrxIV mirror those of
GPx7 or GPx8. However, PrxIV forms a decameric complex
and the reaction of PrxIV with peroxide results in a more
complex pattern of intra- and intermolecular disulfide bonds
(49, 50) than can occur in GPx7 or GPx8. To date much more
in vivo work has been reported on PrxIV (49-51, 60) than on
GPx7 or GPx8. PrxIV is able to rescue an Erol temperature-
sensitive mutant in the yeast Saccharomyces cerevisiae (60)
suggesting it is able to modulate oxidative folding in vivo,
possibly by directly catalyzing peroxide-mediated oxidation.
Like other peroxiredoxins, the reaction of PrxIV with peroxide
is extremely rapid (49, 51). The oxidized form of PrxIV can
transfer disulfide bonds via PDI to folding substrates (51, 60),
but the overall rate of this in vitro (60) is similar to that of the
GPx7- and GPx8-mediated reaction (38) due to the slower
reduction of PrxIV by PDIL This apparently slow transfer of
disulfide bonds between PrxIV and PDI, and the ease of
overoxidation of PrxIV to a catalytically inactive state (49),
causes some conceptual difficulties for a direct catalytic role
for PrxIV in peroxide-mediated oxidative folding. In addition,
PrxIV is a nonessential gene product, though knockout mice
show testicular atrophy (23), implying it is dispensable for
oxidative folding. Furthermore, PrxIV deletion does not
modulate the recovery of the resting redox state of the ER after
treatment with dithiothreitol (DTT) (53). Other peroxi-
dredoxin family members are involved in redox-dependent
signaling and/or have redox-dependent molecular chaperone
activity (7). Either of these could be consistent with the pub-
lished in vivo data for PrxIV.

While further elucidation of the physiological roles of
GPx7, GPx8, and PrxIV is required, including parallel in vitro
and in vivo characterization, it is clear that both the thermo-
dynamic and kinetic questions can be plausibly answered for
peroxide-mediated disulfide bond formation. The third
question, “are the species present in sufficient amounts to
account for disulfide bond formation?” is more difficult to
answer. The intraluminal concentration of peroxide is un-
likely to be high due to its reactivity toward a wide range of
biological molecules, but if it can be generated sufficiently fast
so as to allow for the maximal rate of disulfide formation
required [100,000 disulfide bonds per second (11) or 50%
restoration of GSSG levels within 10s of DTT washout (4)]
then it could be a physiologically significant route.

Three sources are usually mentioned when discussing
possible sources of peroxide in the ER: (i) the action of sulf-
hydryl oxidases, (ii) the mitochondrial respiratory chain, and
(iii) NADPH-dependent oxidases (10, 60). Each of these needs
to be considered in turn.

In vitro, when using molecular oxygen, Erol family
members generate one molecule of hydrogen peroxide per
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disulfide bond made (20), as per other sulthydryl oxidase
family members. However, in vivo Ervlp, the yeast mito-
chondrial sulfhydryl oxidase can transfer electrons to cyto-
chrome c (47), obviating the need to generate potentially toxic
hydrogen peroxide. While many of the ER-associated cyto-
chromes have their active sites located on the cytoplasmic side
of the membrane, there are a number which are located on the
luminal side of the membrane and it is plausible that Erol
could similarly transfer electrons to cytochromes in vivo rather
than to molecular oxygen. Under such a scenario Erol would
not make peroxide as a byproduct. The only published evi-
dence that Erol makes peroxide in vivo (18) comes from the
use of the HyPer system. However, this probe may be sensi-
tive to the redox state of PDI as well as to the presence of
peroxide (Fig. 4) and hence it is unclear whether Erol gener-
ates peroxide in vivo under physiologically normal conditions.

A second possible source of hydrogen peroxide for oxidative
folding in the ER is the mitochondrial respiratory chain. This is
supported by studies showing the physical and functional
cross-talk between the ER and mitochondria, including the
localization of human Erola at mitochondrial-associated
membranes [e.g., see Refs. (9, 19)] and by a report on regulation
of the protein disulfide proteome by mitochondria (57). While
conceptually appealing to be a significant route for oxidative
folding in the ER this model requires the specific transfer of
large amounts of a chemically reactive species from one
membrane-bound compartment to another without triggering
peroxide-dependent intracellular signaling—something which
is implausible without a dedicated transport system. Further
questions arise due to (i) the presence of mitochondrial gluta-

NADP' TSM red X OxyR ox H.O
NADPH+H X TSM ax OxyR red H,0,
PDI red OX}’R o HQO
Erol or QSOX
or VKOR or DH
or H,0, or (_155(_1
P ox OxyR red H,O,

FIG. 4. The HyPer system may report on the oxidation
state of PDI as well as peroxide in the ER. The HyPer probe
(8) is based on a fusion between yellow fluorescent protein
and the regulatory domain of OxyR, a peroxide sensitive
transcriptional regulator from Escherichia coli (58). (A) In vivo
OxyR is oxidized by hydrogen peroxide and reduced by
TSM. These in turn are reduced by glutathione/GR or TR.
(B) In the ER the only thioredoxin family members are PDI
family members and there are no glutathione reductase or
thioredoxin reductase family members. OxyR and PDI fam-
ily members are likely to be in a dynamic equilibrium be-
tween their oxidized and reduced states. PDI can be oxidized
by multiple sources (see main text) and the reduction po-
tential of PDI is more oxidizing than that of OxyR hence it is
thermodynamically favored for PDI to transfer a disulfide to
OxyR. This is likely to result in peroxide-independent oxi-
dation of OxyR and hence of the HyPer probe. TSM, thior-
edoxin superfamily members; GR, glutathione reductase; TR,
thioredoxin reductase; QSOX, quiescin sulthydryl oxidase;
VKOR, vitamin K-dependent oxidoreductase.
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thione peroxidases that consume peroxide; (ii) multiple reports
on mitochondrial catalase expression that do not show dele-
terious effects [e.g., see Ref. (15)]; (iii) the Fenton reaction, the
breakdown of hydrogen peroxide to generate highly reactive
hydroxide radicals, is known to occur at the ER membrane (32);
(iv) the methodology used to determine mitochrondrial regu-
lation of the disulfide proteome (57) does not provide evidence
that this is a major route for disulfide formation in the ER
(Fig. 5) and nor was it claimed to be.

The third discussed source of peroxide for oxidative folding
in the ER is the NADPH-dependent oxidases, the NOX family
(27). These are involved in a variety of biological responses
including the regulation of cellular pH (via mediating proton
currents), antimicrobial defense, signaling cascades, and gene
expression. With the possible exception of Nox4, the human
NOX family members are unlikely to contribute significantly
to peroxide-dependent disulfide bond formation in the ER for
two reasons. First, they do not generate peroxide, rather they
generate superoxide. Superoxide can potentially be used di-
rectly to make disulfide bonds, or can be converted via the
action of superoxide dismutase into peroxide. However, this
does not seem a plausible route for evolution to have adopted
as a major route to make disulfide bonds given the high re-
activity of superoxide toward other biochemical species and
by the lack of an ER-resident superoxide dismutase. Second,
all except Nox4 show a narrow tissue distribution (27). In
contrast, Nox4 has a broader tissue distribution and it is
thought to directly produce peroxide rather than superoxide
(85), though the mechanism for this is unclear. However, the
tissue distribution of Nox4 is neither ubiquitous nor does its
expression correlates well with PDI expression or protein se-
cretion. While there are other human proteins that have
NAD(P)H-dependent oxidase activity and generate peroxide
(Duox family members) or catalyze protein disulfide-thiol
exchange (ENOX family members), these are not ER associ-
ated nor are they ubiquitously expressed.

One further source of peroxide in the ER is the action of L-
gulonolactone oxidase, the terminal enzyme in the synthesis
of ascorbate or vitamin C. This enzyme uses molecular oxygen
to oxidize L-gulono-1,4-lactone to L-xylo-hex-3-gulonolactone
that spontaneously converts to L-ascorbate. For each molecule
of L-gulonolactone oxidized, one molecule of hydrogen per-
oxide is generated. While this is potentially a major route for
peroxide generation in the ER of many eukaryotes, several
species, including humans, do not express a functional L-
gulonolactone oxidase.

In summary, while thermodynamically and kinetically
hydrogen peroxide is a strong candidate to play a significant
role in disulfide bond formation in the human ER, there are as
yet no clear and confirmed in vivo sources that generate suf-
ficient peroxide.

Ascorbate Derivatives

Ascorbate is a major component of redox biology. It is a
cellular antioxidant that has two higher oxidation states (Fig.
6A): semidehydroascorbate (SDA) and dehydroascorbate
(DHA). The reduction potential of the ascorbate/ DHA couple
is sufficiently oxidizing (Fig. 2) for DHA-dependent oxidation
of a dithiol to be effectively irreversible.

DHA was used in many of the original experiments for
in vitro oxidative refolding, but then largely overlooked for
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FIG. 5. Mitochondrial ROS and disulfide bond formation in the ER. Yang and coworkers reported that mitochrondrial
ROS regulated the protein disulfide proteome in mammalian cells (57) and this has been suggested to provide a route for
disulfide bond formation in the ER lumen (10). The methodology used was based on blocking free thiol groups with
iodoacetamide (reaction 1), then reducing disulfide bonds with tris(2-carboxyethyl)phosphine (reaction 2) and labeling the
resulting free thiol groups with a fluorophore (reaction 3). The reduction reaction (reaction 2) and hence the fluorophore
labeling (reaction 3) will only occur in surface-exposed disulfides as the reductant used is highly negatively charged and will
not penetrate the hydrophobic core of the protein. Surface-exposed disulfide bonds are usually either involved in regulating
protein function (regulatory disulfides) or are structural disulfide bonds in partially folded or nonnative proteins (including
denatured proteins). Of the five proteins identified by Yang and coworkers, by the presence of more than one peptide
fragment, one is cytoplasmic and four are transmembrane and contain cytoplasmic cysteine residues. For two of these
proteins the cytoplasmic cysteines have been implicated in disulfide linked dimerization or microdomain association (29, 45),
suggesting potential modulation of function by regulatory cytoplasmic disulfide bonds. Hence there is no direct evidence that
mitochondrial ROS contribute directly to disulfide bond formation in the ER. ER, endoplasmic reticulum; ROS, reactive

oxygen species.

nearly four decades. It was thought that DHA-dependent dis-
ulfide bond formation would be a PDI-catalyzed reaction [e.g.,
see Ref. (6)], but a recent study has shown that in vitro DHA is
able to oxidize dithiols in unstructured peptides and proteins up
to sixfold faster than it can oxidize the active site of PDI (Fig. 6B)
(44). The rate constant for the noncatalyzed oxidation of an
unfolded protein was reported to be over 20-fold faster than
oxidation of the same protein by oxidized glutathione or hy-
drogen peroxide (26, 44). Hence it is possible that noncatalyzed
DHA-dependent oxidation may be sufficiently fast to be a sig-
nificant pathway for disulfide bond formation in the ER. Whe-
ther it is rapid enough depends on local DHA concentrations.

A

1) 11Q

H

Y Ol 0

Ascorbate DHA

B
2 SDA —» Ascorbate + DHA

C S—S8

SH SH
DHA + l\m;lp —» Ascorbate + vavL

FIG. 6. Schematic representation of reactions involving
oxidized forms of ascorbate. (A) The oxidative states of
ascorbate including SDA and DHA. (B) Disproportionation of
the SDA radical generates DHA. (C) The reaction of thiols with
DHA to form a disulfide bond. SDA, semidehydroascorbate.

While ascorbate is known to be present in millimolar con-
centrations inside the cell (13), DHA is more difficult to
quantify especially in the ER. However, DHA is likely to be
present at low concentrations especially since it is sensitive to
hydrolysis. Hence the same issue arises for DHA as for hy-
drogen peroxide; is the rate of localized DHA production
sufficiently high for it to be a significant pathway for disulfide
bond formation?

There are multiple possible routes for DHA production.
The simplest, the formation of DHA during the noncatalyzed
antioxidant action of ascorbate, is unlikely to generate suffi-
cient DHA to support a significant route for disulfide bond
formation. While plants have ascorbate oxidases that uti-
lize oxygen to oxidize ascorbate to DHA (16), the only
related proteins in mammals—ceruloplasmin, hephaestin,
and coagulation factors V and VIII—have well-characterized
extracellular functions. However, human hephaestin has
two C-terminal cytoplasmic RXR transmembrane protein ER-
localization motifs, while the closely related hephaestin-like
protein does not, suggesting the potential for differential lo-
calization. Other enzymes use ascorbate as a direct electron
acceptor and so also generate DHA. These include the ER-
resident copper monoxygenases dopamine f-hydroxylase,
Moxdl, and peptidyl-glycine a-amidating monoxygenase, all
of which generate one molecule of DHA via the formation of
SDA (33, 36, 56) each catalytic cycle. Finally, DHA can be
produced as a minor byproduct of other ascorbate-dependent
ER-resident proteins such as prolyl hydroxylase and lysyl
hydroxylase, both of which generate up to one DHA every 25
catalytic cycles (37).

So, like peroxide, DHA is thermodynamically and kinetically
a strong candidate to play a significant role in disulfide bond
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formation in the ER, but there are as yet no clear and confirmed
in vivo sources for its production in sufficient quantities.

Vitamin K

Like DHA, vitamin K has a long history in disulfide bond
formation but has been largely overlooked with respect to its
possible action in the ER. Vitamin K is not a single compound,
but rather a class of closely related compounds (Fig. 7A). Vita-
min K, (menaquinone) is one of the two primary electron ac-
ceptors from the enzyme DsbB, a key player in disulfide bond
formation in the bacterial periplasm (25), while Vitamin Kj
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(phylloguinone)

Vitamin K,
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Vitamin K, O‘
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OH o]
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VKORCI ° s—s
SH sSH  Vitamin K quinone PDI family|
member
PDI family

FIG. 7. The potential role of vitamin K in disulfide bond
formation. (A) The structures of vitamin K;, K,, and Ks. (B)
Schematic representation of the redox cycle of y-carboxylation
connected with disulfide bond formation. The upper part of
the cycle is catalyzed by vitamin K-dependent y-carboxylase
while the lower part of the cycle is catalyzed by VKORCI.
PDI family members (46) are thought to act as the reductant
in the lower half of the cycle, becoming oxidized in the
process.
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(menadione) has been widely used as a strong oxidant in studies
on the effects of overoxidation on disulfide bond formation.

There have been few studies on the kinetics of noncatalyzed
vitamin K-dependent disulfide bond formation, probably
due to the instability of the vitamin K hydroxyquinone
reduced states and the poor solubility of the biologically rel-
evant forms—both vitamin K; (phylloquinone) and mena-
quinone contain extended aliphatic chains. It is possible that
the noncatalyzed reaction is sufficiently fast to accommodate
significant disulfide bond formation. However, this is un-
likely due the presence of the bacterial catalysts that use
vitamin K, DsbB, or the recently discovered bacterial vitamin
K-dependent oxidoreductase (VKOR) to catalyze periplasmic
disulfide bond formation (17).

Mammals express two VKOR family members, VKORC1
and VKORCI1LI1. Both are ER-resident transmembrane pro-
teins. VKORC1 has a function in the catalytic cycle of y-
carboxylation of some secreted proteins (Fig. 7B) including
blood clotting factors. This catalytic cycle generates disulfide
bonds, with PDI family members being thought to be the
primary in vivo reductant (46). Hence y-carboxylation is
linked to disulfide bond formation in the ER. However, y-
carboxylation is a quantitatively minor posttranslational
modification compared with disulfide bond formation.
Consistent with this, VKORC1 knockout mice show no phe-
notype until birth, but then have early postnatal lethality
due to severe bleeding (48), that is, a phenotype linked to
y-carboxylation and not to disulfide bond formation.
VKORCILI1 has to date been poorly studied, but a recent
publication demonstrates that it has a vitamin K-dependent
intracellular antioxidant function (54). If either enzyme could
function as the bacterial homologue, that is, not coupled to -
carboxylation, then this could potentially generate a signifi-
cant route for disulfide bond formation in the ER; however,
there is currently no evidence for this.

Glutathione

Glutathione is a tripeptide, y-glutamylcysteinylglycine,
that can exist in the reduced state (GSH) or an oxidized dis-
ulfide linked dimeric state (GSSG). The ratio and concentra-
tions of GSH and GSSG determine the redox potential of a
variety of intracellular compartments, with the ER being more
oxidizing than the cytoplasm due to higher levels of GSSG.
The potential role and regulation of glutathione in disulfide
bond formation in the ER is a complex subject that requires its
own review (2).

Here it is sufficient to say that glutathione probably plays a
major role in native disulfide bond formation in the lumen of
the ER both oxidizing and reducing PDI family members
(Fig. 1B) with complex and species-dependent kinetics (31).
However, GSSG is not a net oxidant; rather the disulfide
bond gets transferred from GSSG to the species which it
oxidizes. Hence GSSG can be thought of a transfer interme-
diate and GSH/GSSG as a critical redox buffer system.
Consistent with its importance, the glutathione-dependent
redox potential of the ER is regulated and is very rapidly
restored if perturbed (4).

Other Low-Molecular-Weight Species

Other low-molecular-weight species could potentially have
arole in disulfide bond formation in the ER due to their redox
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active biophysical properties. These include ubiquinone, to-
copherols/tocotrienols (vitamin E), xanthine, and uric acid.
These may show species specificity; for example, urate oxi-
dase is nonfunctional in humans and other primates, as per L-
gulonolactone oxidase (see Hydrogen Peroxide and Other
Reactive Oxygen Species section). While ubiquinone is one of
the major electron acceptors from DsbB in bacterial disulfide
bond formation (25), there is little evidence currently for a
significant role for any of these species in disulfide bond for-
mation in the ER. It is also possible that other redox couples
could be utilized; for example, the 5-lactone/glucose and
fumarate/succinate redox couples are both sufficiently oxi-
dizing to be thermodynamically linked to disulfide bond
formation and both involve the transfer of two electrons and
two protons. Finally, some organisms use derivatives of the
chemical species discussed previously. For example, yeast
synthesizes D-erythroascorbic acid (22) that differs from
ascorbate by the chirality at one position, while some proto-
zoa including trypanosomes use trypanothione—two mole-
cules of glutathione linked together by a polyamine linkage—
as a major redox species (30).

Conclusions

While there are multiple plausible routes for disulfide bond
formation in the ER, it is unclear which are major routes and
which are minor under physiological and nonphysiological
conditions. Just because a route exists does not necessarily
mean that it is physiologically significant.

Erol can be disrupted without lethality in several organ-
isms and the in vitro kinetics of Erol-catalyzed disulfide bond
formation [e.g., see Ref. (5)] are too slow to account for the
observed in vivo kinetics. However, the disruptions do not
necessarily abolish Erol activity (Fig. 1) and differences be-
tween in vitro and in vivo conditions make cross-correlations
of relative kinetics complex. It could be that Ero1 is the normal
physiological route for the majority of disulfide bond forma-
tion in the ER of wild-type and Erol disrupted mice, but that
other minor pathways exist. Alternatively it could be that
Erol forms a minor pathway. In such a scenario there could
either be one other route being the major source of disulfide
bond formation or there may be multiple possible pathways
all of which contribute significantly to disulfide bond forma-
tion under physiologically normal conditions. With the gen-
eration of the Erol disrupted mice it should be possible,
through the use of inhibitors of specific pathways or combi-
nations of knockouts together with transcriptomic and pro-
teomic analysis and biochemical studies, to identify the
pathways that allow disulfide bond formation to occur in
these mice. These can then potentially be cross-checked in
wild-type systems to see whether they are the major physio-
logical route or a minor route that steps in when the major
route is compromised.

Finally, two things should be remembered. First, that being
an essential (or nonessential gene) product may say little
about whether the protein is the major physiological route for
the bulk of proteins that fold in the ER. Second, oxidation is
not the rate-limiting step in native disulfide bond formation;
rather, isomerization of nonnative disulfides is rate limiting
(21). Hence a significant reduction in the rate of oxidation may
result in no change in the rate of native disulfide formation.
The field grows in complexity and it is only by combining

RUDDOCK

genetic, in vivo and in vitro biochemical data using multiple
substrates along with knowledge of the tissue distribution,
kinetics, thermodynamics, and quantities of the possible
species involved that we can answer the question regarding
the physiologically relevant route(s).
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