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Abstract

The majority of secreted and outer membrane eukaryotic proteins contain disulfide bonds, formed by complex
interdependent pathways in the endoplasmic reticulum. The current model for the major route of disulfide
formation is the regulated flow of oxidizing equivalents from molecular oxygen to the membrane-associated
enzyme Ero1 to protein disulfide isomerase, and hence to substrate proteins. One molecule of hydrogen peroxide
is produced by Ero1 per disulfide bond made. This peroxide is usually considered to be a dangerous by-product.
Here we show that peroxide, added to a refolding buffer or generated enzymatically in situ, results in the
efficient refolding of a model protein to the native state. At pH 7.0, the kinetics of obtaining the native folded
state are more efficient using peroxide than by the use of a glutathione redox buffer. Disulfide bond formation by
peroxide is kinetically favored over oxidation of cysteine to cysteine sulfinic acid and over the oxidation of other
amino acids in the proteins such as methionine. Hence, unless peroxides are added in excess, oxidative damage
to the folding protein is minimal. Our results offer insights into potential mechanisms for disulfide bond
formation in vivo. Antioxid. Redox Signal. 11, 963–970.

Introduction

Disulfide bonds are covalent linkages formed be-
tween two cysteine residues in proteins, whose primary

function is to stabilize the folded structure of the protein. Most
secreted and outer membrane proteins, including many high-
value proteins targeted by the biotechnology industry, con-
tain disulfide bonds. Since any two cysteine residues in a
protein have the potential to form a disulfide bond, the correct
formation of native disulfide bonds is not trivial. Hence, na-
tive disulfide bond formation is often the rate-limiting step in
the folding of proteins in vitro and in vivo (11, 22).

The pathways for native disulfide bond formation in the
endoplasmic reticulum (ER) are complex and not fully un-
derstood. The current model for the major route for disulfide
bond formation in vivo is the highly regulated flow of oxi-
dizing equivalents from molecular oxygen to the sulfhydryl
oxidase Ero1 to protein disulfide isomerase (PDI) to substrate
proteins (14, 15, 17, 25, 31, 36). However, in vitro sulfhydryl
oxidases, including Ero1, make one molecule of hydrogen

peroxide per disulfide bond made (17, 18). While the extent to
which Ero1 generates peroxide in vivo is unknown, the current
assumption is that the in vitro results reflect the in vivo situa-
tion when molecular oxygen is used as the electron acceptor.
The peroxide generated is often regarded as a potentially
dangerous by-product of disulfide bond formation that results
in oxidative stress to cells. However, peroxide can potentially
be used to form disulfide bonds via the formation of a cysteine
sulfenic acid intermediate. Indeed there is widespread forma-
tion of protein sulfenic acids (8, 28) and protein disulfides (5, 12,
37) in vivo upon the exogenous addition of low concentrations
of peroxide. Hence hydrogen peroxide produced by sulfhydryl
oxidases during disulfide bond formation may itself be in-
volved in oxidative protein folding in the ER. This process in
turn could potentially be used in vitro for the oxidative re-
folding of proteins produced in inclusion bodies.

To test this hypothesis hydrogen peroxide was added to
reduced glutathione or reduced PDI with both being oxidised
to the disulfide state. Peroxide was then added to a reduced
refolding protein, or generated in situ by the action of glucose
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oxidase on glucose, in the absence of a reductant or isomerase.
Our results show that these methods result in the rapid and
efficient refolding to the native state for the model protein
bovine pancreatic trypsin inhibitor (BPTI). Peroxide-mediated
oxidative folding of BPTI was more efficient than oxidation by
a glutathione-redox buffer at physiological pH. Furthermore
unless the peroxide was in excess, no other oxidative modi-
fications of the refolding protein were observed. These results
suggest that the peroxide produced by Ero1 and other sulf-
hydryl oxidases during disulfide bond formation in the ER
may be used productively to make disulfide bonds rather
than being a harmful by-product.

Materials and Methods

Human PDI, the W111F mutant of the a domain of PDI and
BPTI, were purified as described previously (19, 20). Pure
reduced BPTI was lyophilized and resuspended into 10 mM
HCl, pH 2.0 to prevent oxidative refolding. The concentra-
tions of proteins were calculated based on their molar ex-
tinction coefficients.

Protein refolding was initiated by the addition of dena-
tured reduced protein to the refolding buffer (0.1 M sodium
phosphate, 1 mM EDTA, pH 7.0). BPTI refolding was carried
out at 50mM. When added, PDI was present at 7 mM, H2O2 at
1 mM, glucose at 10 mM, and glucose oxidase at 2.5 or 50 nM.
When present, the glutathione buffer was 0.5 mM GSSG and
2 mM GSH. The folding reaction was stopped by the addition
of 1.1 M iodoacetamide and BPTI and its folding intermedi-
ates were purified with a PepClean C-18 spin column (Pierce,
Rockford, IL) before ESI-mass spectrometry analysis (Micro-
mass, Manchester, UK). For reverse phase HPLC analysis, the
folding reaction was instead stopped by the addition of 1=10th

volume of 3 M HCl. A mRPC C2=C18 ST 4.6=100 column
(Amersham Biosciences, Uppsala, Sweden) pre-equilibrated
in buffer A (0.065% trifluoracetic acid (TFA)) was used for
analysis of the folding intermediates. The gradient used was
20–30% buffer B over 3 column volumes, 30% buffer B for
1 column volume, 30–31% buffer B over 5 column volumes,
31–45% buffer B over 5 columns volumes, 45–100% buffer B
over 3 column volumes; where buffer B is 90% acetonitrile,
0.05% TFA.

The rate of peroxide mediated oxidation of glutathione was
determined in a coupled assay by measuring the change
in absorbance at 340 nm in 50 mM phosphate buffer,
pH 7.3, including 0.3 mM GSH, 0.5 mM EDTA, 0.25 units of
yeast glutathione reductase (Sigma, St. Louis, MO), 0.1 mM
NADPH, and 20mM PDI when present. The reaction was
started by adding 0.3 mM of H2O2.

The rate of oxidation of the active site of the a domain of
PDI was determined by the decrease in fluorescence of W35
using a KinTek SF-2004 stopped-flow fluorometer (Austin,
TX), excitation 280 nm and band–pass emission >320 nm at
258C, 10mM PDI a domain W111F mutant with 0.1–2.5 M
hydrogen peroxide or 1–20 mM GSSG.

BPTI activity was determined using inhibition of tryp-
sin activity towards the chromogenic trypsin substrate
Na-benzoyl-DL-arginine-p-nitroanilide (Sigma) using the
manufacturer’s recommended protocol. The concentration of
BPTI was 58% of that of the trypsin and BPTI and trypsin were
co-incubated for 1 min before the addition of substrate.
Trypsin inhibitory activity was determined in triplicate for

each sample from at least two independent samples for each
refolding condition.

Results

Peroxide oxidation of GSH and PDI

Disulfide bond formation in folding proteins in the ER can
potentially occur via multiple routes, including the intro-
duction of disulfide bonds by GSSG or oxidized PDI. Peroxide
can potentially oxidize the CXXC active site of PDI or oxidize
reduced glutathione (GSH) to oxidized glutathione (GSSG),
and the relative rates of these reactions may provide infor-
mation on whether any of the potential routes for using per-
oxide could be physiologically relevant. The oxidation of GSH
by peroxide can be followed by a coupled assay whereby the
GSSG formed is reduced back to GSH by glutathione reduc-
tase using NADPH, with a concomitant reduction in absor-
bance at 340 nm (Fig. 1A). Use of this coupled assay reveals
that oxidation of glutathione by peroxide is relatively slow
(Fig. 1B), presumably since two intermolecular reactions are
required and since the pKa of GSH (pKa 9.1) is higher than the
typical value for cysteine residues (pKa 8.3) in proteins. In the
presence of catalytic amounts of PDI, the overall rate of glu-
tathione oxidation increases circa threefold. Given the relative
concentrations of GSH (0.3 mM) and PDI (20mM) in this assay,
this implies that the relative rate of PDI oxidation by peroxide
is at least 40-fold faster than that of glutathione.

Peroxide oxidation of the active site of PDI was studied
directly by fluorescence studies on the active site of the W111F
mutant of the catalytic a domain of PDI. This mutant contains
only W35, which is juxtaposed to the active site and acts as a
useful and direct spectroscopic marker of the redox state of

FIG. 1. Coupled assay to examine the rate of oxidation of
reduced glutathione by hydrogen peroxide and catalysis by
PDI. (A) Schematic of the catalyzed and noncatalyzed reac-
tions. (B) Representative traces of changes in absorbance due
to oxidation of 0.3 mM GSH by 0.3 mM hydrogen peroxide in
the absence (solid line) and presence (dashed line) of 20 mM
human PDI.
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the active site (20). When either GSSG or peroxide was added
to the reduced protein, a time-dependent decrease in fluo-
rescence was observed, consistent with the difference in
fluorescence of the dithiol and disulfide states of the active site
(20). The average decrease in fluorescence was 49� 1% for the
GSSG-mediated oxidation and 48� 1% for the peroxide-
mediated oxidation. Over the concentration range of GSSG
tested (1–20 mM) the GSSG-dependent oxidation of PDI fitted
to a two-step process (data not shown). The first of these steps,
the reaction of reduced PDI with GSSG to form a mixed di-
sulfide should be a second order process. However, since
GSSG is in large excess over reduced PDI, it will be a pseudo
first-order process. The second step, the intramolecular con-
version of the PDI-glutathione mixed disulfide to oxidized
PDI and GSH will be a first-order process. In line with this
mechanism, one of the first-order rate constants obtained in
the reaction showed a linear dependence on GSSG concen-
tration and represents the pseudo first-order formation of the
GSH–PDI mixed disulfide, with a second-order rate constant
of 188 M�1s�1. The second rate constant obtained was inde-
pendent of GSSG concentration, with a first-order rate con-

stant of 0.26 s�1, and represents the intramolecular formation
of the active site disulfide. These data imply that at physio-
logical concentrations of GSSG the rate limiting step is the
nucleophilic attack by the C-terminal active site cysteine on
the GSH–PDI mixed disulfide. In contrast, at peroxide con-
centrations up to 2.5 M, the peroxide-dependent oxidation of
PDI fitted to a single exponential function (Fig. 2A) and, with
peroxide in excess over PDI, the rate constant for this reaction
was linearly dependent on the concentration of peroxide.
These results are consistent with a pseudo first-order reaction
and imply that the rate limiting step for peroxide-mediated
oxidation of PDI is the initial formation of the N-terminal
cysteine sulfenic acid. Furthermore, the nucleophilic attack by
the C-terminal active site cysteine on the sulfenic acid must be
significantly >40 s�1 since it is not observed.

Oxidative protein folding using peroxide

The alternative route for oxidative protein folding using
peroxide is direct oxidation of cysteine residues in the folding
protein to the disulfide state. The initial step in peroxide
mediated disulfide bond formation is the formation of a cys-
teine sulfenic acid (7SOH, reaction 1). The cysteine sulfenic
acid can then either react with another molecule of peroxide to
form cysteine sulfinic acid (-SO2H, reaction 3), whose forma-
tion prevents subsequent disulfide bond formation, or there
can be a nucleophilic attack by another cysteine on the sulfenic
acid to form the disulfide (reaction 2).

-SHþH2O2 �! �SOHþH2O (1)

-SOHþ -SH �! �SS�þH2O (2)

OR -SOHþ -H2O2 �! �SO2HþH2O (3)

Since the formation of a disulfide bond from the cysteine
sulfenic acid in a folding protein is an intramolecular reaction,
while the formation of cysteine sulfinic acid is intermolecular,
disulfide bond formation would be expected to predominate,
providing the peroxide was not in large excess and providing
the pH of the reaction was sufficiently high for a significant
proportion of the cysteine thiols to be in the nucleophilic
thiolate form. Hence, the addition of low concentrations of
peroxide at pH values of 7.0 or above should result in the
efficient formation of protein disulfide bonds. Since all of the
information required to get to the native protein structure is
encoded within the primary structure of the protein (1) and
hence cysteine residues that form disulfides might be ex-
pected to be spatially juxtaposed in the folding intermediates,
the use of peroxide potentially could directly form native
disulfides in folding proteins.

To test this hypothesis, we used the model protein BPTI.
BPTI is a widely studied model of oxidative protein folding. It
contains three disulfide bonds in its native state, the folding
intermediates are soluble, and in a glutathione redox buffer it
gets kinetically trapped in states containing two disulfide
bonds (2S) (e.g., see refs. 10 and 39).

When reduced denatured BPTI was added to a glutathione
redox buffer at pH 7.0, oxidative refolding occurred, but, as
expected, after 2 h the majority of the protein was in the 2S
intermediate state, with on average only *25% having
reached the native three disulfide (3S) state (Fig. 3A). Circa
55% more reaches the 3S state over the next 24 h, but the
remaining circa 20% is stable in a 2S state for days. In contrast,

FIG. 2. The kinetics of oxidation of the reduced active site
CGHC motif of the W111F mutant of the catalytic a domain
of PDI. (A) Representative trace of the kinetics of oxidation
of PDI a domain W111F at 10mM in the presence of 1.5 M
hydrogen peroxide. Insert shows the residuals to fitting to a
single exponential function. (B) Linear dependence of the
pseudo first-order rate constant of oxidation on the concen-
tration of hydrogen peroxide (n¼ 4–7). At all concentrations
of hydrogen peroxide examined, the kinetics showed ran-
dom residuals to a single exponential function.
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2 h after 1 mM hydrogen peroxide was added to BPTI only the
3S species was detectable (Fig. 3B). Many of the 2S species
formed in a glutathione buffer are kinetically trapped (e.g., see
refs. 10 and 39) taking in some cases days to reach the 3S state.
However, when the 2S species generated using a glutathione
buffer were purified from the glutathione by gel filtration, the
subsequent addition of 1 mM hydrogen peroxide is able to
oxidize these species completely to the 3S state within 1 h
(data not shown). This result also implies that for BPTI re-
folded in a glutathione buffer all of the kinetically trapped 2S
species probably contain only native disulfides. This is con-
sistent with the published results of Weissman and Kim (39).
Hence peroxides are able to efficiently oxidize dithiols in
folding proteins in vitro.

While the direct addition of peroxide to a refolding protein
is simple, the generation of peroxide in situ has the advantage
in that it allows the potential for modulating the rate and
extent of disulfide bond formation by varying the enzyme or
substrate concentrations used to generate it. Glucose oxidase
was chosen to generate peroxide in situ as it is readily avail-
able and already widely used for biotechnological applica-
tions. The reaction catalyzed by glucose oxidase is analogous
to that catalyzed by Ero1 in the endoplasmic reticulum, with
the stoichiometric production of hydrogen peroxide each
catalytic cycle.

D-glucoseþO2þH2O
��������!Glucose oxidase

D-gluconateþH2O2

O2þdithiol ��������!Erol
disulfideþH2O2

When 50 nM glucose oxidase and 10 mM glucose was used
to generate peroxide, a reaction limited by dissolved oxy-
gen in the buffer, oxidative folding of BPTI occurred quickly
and within 1 h on average 98% of 3S species were formed
(Fig. 3C).

Oxidized PDI is able to introduce disulfides into fold-
ing proteins efficiently, and hence the addition of a catalytic
amount of PDI into a glutathione-based refolding buffer in-
creased the rate of BPTI refolding (compare Fig. 3A and D)
and prevented the accumulation of kinetically trapped 2S
species. Similarly the addition of a catalytic amount of PDI to
a glucose oxidase plus glucose peroxide generating system
increased the rate of BPTI refolding (compare Fig. 3C and E).
Consistent with the relative rates of oxidation of PDI by GSSG
and peroxide (see above), the rate of oxidation of BPTI was
faster when PDI was combined with a glutathione buffer than
with the peroxide generating system.

The glucose oxidase-based peroxide generating system al-
lows the rate of disulfide bond formation to be modulated by
varying the amount of glucose oxidase added. Hence, when
the glucose oxidase concentration was lowered from 50 to
2.5 nM, the initial rate of oxidative folding decreased, but
again by 1 h in the presence of catalytic amounts of PDI, 98%
of 3S species were formed (Fig. 3F).

Formation of native proteins using peroxide

Peroxides have two potential drawbacks for oxidative
refolding. First, they can oxidize other amino acids such as
methionine. Methionine is very prone to oxidative modifica-

FIG. 3. Representative traces for the kinetics of BPTI oxidative refolding analysed by electrospray mass spectrometry.
(A) BPTI refolding in a glutathione buffer (2 mM GSH and 0.5 mM GSSG). (B) Refolding using 1 mM hydrogen peroxide as
the oxidant with no reductant present. (C) Refolding using peroxide generated in situ by 50 nM glucose oxidase. (D)
Refolding in a glutathione buffer plus catalytic amounts of PDI. (E) Refolding using 50 nM glucose oxidase plus catalytic PDI.
(F) Refolding using 2.5 nM glucose oxidase plus catalytic PDI. For clarity the glutathionylated intermediates are not shown
separately. The sum of all glutathionylated intermediates never represents >10% of the total protein at any timepoint.
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tion both from mild oxidation agents, including molecular
oxygen, and from iodination reactions (32). Met52 of BPTI is
prone to oxidation (9) and on average 10% of the BPTI we
purify from inclusion bodies and treat with iodoacetamide is a
þ16 Da species. However, the rate of peroxide-mediated ox-
idation of other amino acids was slower than that of disulfide
bond formation. Even after 2 h in 1 mM peroxide the maximal
amount of þ16 Da species observed in any sample was 21.5%
(i.e., 11.5% above basal level). By reducing the time in contact
with the excess peroxide, it was possible to reduce the maxi-
mal additional oxidative modification to below 10% while
allowing the complete formation of 3S species.

Second, oxidation using peroxide alone may result in the
formation of non-native disulfide bonds, and without a re-
ductant to help catalyze isomerization, this may result in the
final product observed by ESMS having three disulfide bonds,
but these being a mixture of native and non-native. To ex-
amine this, activity measurements of differently folded BPTI
were undertaken. These showed that the 3S BPTI species
generated by peroxide were as active as those generated using
a glutathione buffer plus PDI with both approaching 100%
activity (Fig. 4A). In addition, reverse phase HPLC analysis of
BPTI refolded using a glutathione buffer or by peroxide, both
in the presence or absence of catalytic amounts of PDI,
showed that the majority of the 3S species generated co-eluted
as a single peak (see Fig. 4B for example traces), suggesting
that they were identical native species. There was however an
additional minor peak when peroxide was used (Fig. 4B)
which was identified by mass spectrometry as a þ16 Da 3S
species (data not shown). The activity measurements and re-
verse phase analysis combined imply that the 3S state ob-
tained in peroxide-mediated oxidative folding is the native
disulfide bonded state.

While some oxidative damage was always observed
when we used an excess of peroxide, the addition of sub-
stoichiometric amounts of peroxide, from 50% to 90% of the
amount needed for complete oxidation to disulfides, resulted
in disulfide bond formation with no discernable increase in
oxidative damage. For example, the addition of 75 mM per-
oxide to 50mM BPTI, for 1 h at pH 7.0, resulted in the forma-
tion of 10% 3S species, 41% 2S, 39% 1S species, and 10% fully
reduced species, with no additional þ16 Da species formed
during the reaction. This implies a stoichiometric conversion
of peroxide to disulfide. It also implies that the reaction of
cysteine with peroxide is much faster than the reaction of
other amino acids, including methionine with peroxide. This
is consistent with published data that the rate of biological
thiolates with hydrogen peroxide have second-order rate
constants in the range 18–28 M�1s�1 (40), while oxidation of
methionine residues in human a1-antitrypsin by hydrogen
peroxide has second-order rate constants in the range 0.001–
0.012 M�1s�1 at pH 7 (16). Furthermore, our results imply that
the intramolecular reaction of cysteine sulfenic acid in BPTI
and PDI with cysteine to form a disulfide bond is much more
rapid than that of cysteine sulfenic acid with peroxide, as no
detectable cysteine sulfinic acid species were observed by
mass spectrometry. The rapidity of the intramolecular reac-
tion of cysteine sulfenic acid with cysteine in BPTI is consis-
tent with the results obtained by fluorescence stopped-flow
experiments on the peroxide mediated oxidation of PDI,
which imply a half life of the cysteine sulfenic acid state of
<17 ms (see above).

Discussion

Disulfide bond formation in the ER is complex, with mul-
tiple possible routes for oxidative protein folding (Fig. 5). The
widely accepted major route for dithiol oxidation to a dis-
ulfide is Ero1 oxidation of PDI followed by PDI oxidation of
substrate proteins. This route, along with potential direct
oxidation of folding proteins by other sulfhydryl oxidases,
generates one molecule of hydrogen peroxide per disulfide
bond made in vitro when using molecular oxygen as the ter-
minal electron acceptor (17, 18). This seems to be an inefficient
route for oxidation if peroxide is a nonfunctional by-product.
It is also a potentially dangerous mechanism since peroxide
can cause oxidative damage to proteins, lipids, and other
molecules within the ER. Furthermore, since an actively se-
creting B-cell can make of the order of 100,000 disulfide bonds
per second (6), this process would generate milli-molar

FIG. 4. BPTI refolded using peroxide or a glutathione
buffer are essentially identical. (A) Comparison of forma-
tion of the 3S state of BPTI versus the trypsin inhibitory ac-
tivity of the protein folded by different methods. BPTI was
allowed to fold for 2 h in different oxidative systems and
then one-half of the sample was processed for mass spec-
trometric analysis while the other was used for a trypsin
inhibitory activity assay. A sample of reduced BPTI that was
not refolded acted as a control sample. (B) Reverse phase
HPLC analysis of the 3S species of BPTI refolded using a
glutathione buffer for 5 h and using 1 mM peroxide for 1.75 h.
Refolding was quenched by the addition of 1=10th volume of
3 M HCl. The main glutathione folded and peroxide folded
peaks co-elute indicated the formation of native BPTI in the
peroxide system. The peaks marked * represent buffer com-
ponents, the dotted line the acetonitrile gradient. The addi-
tional peak marked with an arrow on the peroxide folded
material was identified by ESMS as being a þ16 Da species
and hence represents oxidative modification of the protein
(e.g., of methionine residues).
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amounts of peroxide in the ER every minute, clearly unac-
ceptably high levels given the damage that peroxide can
cause, including apoptosis (38), and the use of low levels of
peroxide in cellular signalling events (27, 38). Recently data
has been published supporting the notion that disulfide bond
formation does not cause oxidative stress in vivo. In an elegant
study, Malhotra and co-workers demonstrated that the ac-
cumulation of misfolded proteins in the ER causes oxidative
stress and induces apoptosis in cell culture and in mice (21).
The same study also showed that overexpression of a protein
that contained eight disulfide bonds which efficiently folded
in the ER did not lead to the same effects and hence the ac-
cumulation of reactive oxygen species was not likely to be a
direct consequence of de novo disulfide bond formation. Hence
cells must have efficient mechanisms in place to remove any
peroxide generated by Ero1 during disulfide bond formation
in vivo.

In other cellular compartments, high levels of peroxide are
removed by the action of catalase. However, there are no re-
ports of a catalase isoform being present in the ER, nor can we
find a mammalian catalase with an ER-signal sequence by
database searching. Since catalase appears to be absent and
since peroxide is toxic when present in high amounts, the cell
must have other mechanisms in place in the ER to prevent
accumulation of peroxides.

While catalase is very efficient at removing peroxides, there
are many other enzyme systems which could neutralize the
potential harmful effects of the peroxide formed during oxi-

dative protein folding. For example, it has recently been
published that there is an ER resident peroxiredoxin, Prx4
(33). Peroxiredoxin family members are widely involved in
cytoplasmic processes involving peroxide, including signal-
ling (42). They efficiently reduce peroxide to water, with kcat

values of *50 s�1 and in the process a disulfide bond is
formed within the peroxiredoxin or between two peroxir-
edoxin monomers (23, 24, 29, 41, 43). While it has not yet been
characterized in detail, Prx4 may therefore be involved in the
detoxification of peroxide in the ER via the formation of dis-
ulfide bonds. However, this cannot be a general mechanism
since many organisms, for example S.cerevisiae, appear to lack
an ER resident peroxidredoxin. It is also possible that an as yet
unidentified redox process may destroy any peroxide formed
during oxidative protein folding. However, our hypothesis
that peroxides represent a potentially efficient source of oxi-
dizing equivalents to oxidize dithiols to disulfides and hence
cells may utilize that potential, seems a simple, logical, and
generic solution to the problem. This hypothesis is also sup-
ported by the recent identification of two human ER resident
glutathione peroxidase family members (26), which appear to
interact with Ero1a in vivo (unpublished results).

Our in vitro refolding results clearly show that peroxides are
able to efficiently oxidize dithiols in folding proteins to the
native disulfide state at physiological pH. Furthermore, for
BPTI this reaction proceeds to the native disulfide bonded
state with minimal oxidative side reactions unless the peroxide
is in excess. For BPTI the second-order rate constant for the
disappearance of the fully reduced species in a glutathione
redox buffer (7.3 M�1s�1) is comparable with that in 1 mM
peroxide (5.0 M�1s�1), with both being orders of magnitude
faster than air oxidation. However, there is one clear difference
in the final species produced, peroxides drive oxidative re-
folding to completion within 2 h, while in a glutathione buffer
the reaction gets kinetically trapped in 2S species. This differ-
ence between the oxidative systems may be due to one of two
effects: (a) the small size of peroxide may allow access to
buried thiols which are inaccessible to the larger, highly
charged oxidized glutathione (GSSG); (b) the nature of the
intermediate. The intermediate in the glutathione-based reac-
tion is the glutathionylated protein. Since glutathione is three
amino acids in size and highly charged, this may have a sig-
nificant effect on the local structure of the folding intermediate
and may raise the pKa of spatially adjacent thiol groups de-
creasing their nucleophilicity and hence their ability to form
disulfides. In contrast the intermediate in the peroxide-based
reaction is the cysteine sulfenic acid which is only marginally
larger than cysteine and is only partially charged at pH 7.0 and
hence is less likely to have an effect on the local structure of the
folding intermediate. The ability of peroxide to rapidly rescue
the kinetically trapped 2S species formed in a glutathione
buffer implies that for BPTI the ability to access dithiols that
GSSG cannot is probably a factor in the relative ability of
peroxide to generate native disulfide bonded proteins.

In addition to the direct oxidation of dithiols in folding
proteins, peroxides are also able to oxidize other dithiols to
disulfides in vitro, including glutathione and the CXXC active
site of PDI. Since oxidized PDI and GSSG are able to introduce
disulfide bonds into folding proteins, all of these oxidation
reactions could ultimately have the same net effect in vivo, that
is, oxidative folding of proteins in the ER (Fig. 5). As well as
potentially contributing to disulfide bond formation in fold-

FIG. 5. Pathways for disulfide bond formation in the
endoplasmic reticulum. Multiple pathways for dithiol oxi-
dation to a disulfide in a folding protein exist. Direct oxi-
dation by molecular oxygen, while widely used in vitro, is
too slow to have physiological significance in vivo. Whereas
members of the sulfhydryl oxidase family are extremely ef-
ficient at making disulfide bonds in folding proteins (34, 35)
or transferring them to PDI family members (30), the human
family member, Qsox, has recently been shown not to be
located in the endoplasmic reticulum (7). PDI family mem-
bers (13) and GSSG can both introduce disulfide bonds into
folding proteins, but both need to be reoxidized to complete
the catalytic cycle. PDI is thought to be reoxidized by Ero1
(15, 25, 31, 36) while the source of GSSG is under debate in
the literature. The hydrogen peroxide made by Ero1 each
catalytic cycle (17) has the potential to oxidize dithiols in
substrate proteins, to oxidize reduced glutathione to GSSG,
to oxidize the active site of PDI family members, and to form
the regulatory disulfides (2, 3, 31) in Ero1, and hence shut
down peroxide production. All dotted arrows represent hy-
pothetical redox routes which have not been demonstrated
experimentally in vivo. The bold dotted arrows indicate routes
shown in this work by in vitro methods.
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ing proteins, the hydrogen peroxide made by Ero1 in each
catalytic cycle has the potential to form the regulatory dis-
ulfide bonds (2, 3, 31) in Ero1 family members and hence to
shut down both disulfide bond formation and peroxide pro-
duction. This would provide a simple and elegant regulatory
mechanism.

While only in vitro data are presented here, the results
suggest that peroxide produced by Ero1 may contribute to
oxidative folding in the ER, either by directly generating
disulfides in folding proteins or more likely via an indirect
mechanism such as the oxidation of GSH or of PDI-family
members or other proteins such as the ER-resident glutathi-
one peroxidases (26) or Prx4 (33). In vivo conformation of our
model is difficult. Since the activity of Ero1 family members
are highly regulated (2, 3, 31) and the ER contains a large
amount of free thiols, we would not expect peroxide to ac-
cumulate. Indeed we would suggest that the cell most likely
utilizes the peroxide at the point of production rather than
allowing it to freely diffuse away. Furthermore, from the
in vitro kinetics we would not expect cysteine sulfenic acid to
accumulate, since the half life of the PDI cysteine sulfenic
acid in vitro appears to be <17 ms, or for significant amounts
of cysteine sulfinic acid to be formed in vivo as a by-product of
this process. Finally, since a significant proportion of Ero1 in
cells is in the inactive state (2, 4) any mechanisms by which
peroxide were removed from the system in vivo by other
means would be unlikely to affect the efficiency of disulfide
bond formation, since there is very significant spare capacity
in the system. However, the lack of reported experimental
data that disulfide bond formation is directly linked to oxi-
dative stress or to the production of oxidative damage such as
protein cysteine sulphinic acids in the ER, combined with the
recent publication that demonstrates that the overproduction
of a protein containing eight disulfide bonds does not cause
oxidative stress in vivo (21), implies that cells must have an
efficient method for dealing with the peroxide produced. Our
model, supported by our in vitro data, provides an explana-
tion to reconcile published in vitro and in vivo data with the
physiology of professional secretory cells in a manner that is
generic for all cell types that possess an ER.
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