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The formation of disulphide bonds between the cor-
rect pairs of cysteine residues is essential for the fold-
ing and stability of many proteins that are secreted
or localized to organelles of the secretory pathway.
Nearly 40 years ago, the seminal work of Anfinsen
and colleagues on the in vitro refolding of reduced,
denatured ribonuclease A demonstrated that native
disulphide bond formation can occur spontaneously1.
The early observation that disulphide bond for-
mation proceeded much more slowly in air than in
living cells implied the existence of catalysts for 
oxidative protein folding.

The minimal requirements for efficient oxida-
tive refolding in vitro have since been defined as a
redox buffer containing both oxidizing and reduc-
ing equivalents as well as an enzymatic catalyst for
thiol–disulphide exchange. Standard assays for 
oxidative refolding employ glutathione redox buffers
in which oxidized glutathione (GSSG) provides the
oxidizing equivalents necessary for protein disul-
phide bond formation. Under these conditions, the
redox potential of the assay buffer, defined by the
ratio [GSH]2/[GSSG], determines the overall rate of
oxidative refolding2,3.

The search for enzymatic catalysts of oxidative 
refolding led to the isolation of protein disulphide
isomerase (PDI)4. Intensive investigation of the 
activities of PDI in vitro has since shown that the 
enzyme can catalyse the formation, reduction or
isomerization of disulphide bonds depending upon
the redox conditions of the assay and the nature of
the substrate protein5. The activity of PDI depends
on two pairs of cysteines, each of which are found in
the motif Cys-xa-xb-Cys within a domain homolo-
gous to thioredoxin6. When the active-site cysteines
of PDI are present in disulphide (oxidized) form, the
enzyme can transfer disulphide bonds directly to
substrate proteins, suggesting a physiological role
for PDI as a protein dithiol oxidase7. However, when
the active-site cysteines of PDI are present in dithiol
(reduced) form, the enzyme is suited for catalysis 
of disulphide reshuffling. PDI is reduced in those
redox buffers adjusted to give optimal refolding rates
in vitro, and this correlation has drawn attention to
the isomerase activity of the enzyme8. A role for PDI
in the catalysis of native disulphide bond formation in
the endoplasmic reticulum (ER) was first established
by mutational analysis in yeast, where the PDI1 gene
was shown to be essential for cell viability and for
oxidative protein folding9,10.

In eukaryotic cells, protein disulphide bond for-
mation proceeds within the lumen of the ER, where
protein oxidation initiates upon the translocation
of nascent peptide chains into the ER lumen11. The
redox state of the ER is more oxidizing than that of
the cytosol, a difference that favours the formation
of structural protein disulphide bonds, and that is re-
flected in the relatively high intralumenal concen-
tration of GSSG12,13. A net influx of oxidizing equiva-
lents into the ER lumen is needed to support the
rapid transit of secretory proteins through the ER,
and to maintain a high concentration of GSSG within
this organelle12. However, until very recently, the
source of oxidizing equivalents utilized for disulphide

bond formation in the ER was unclear. Genetic analy-
sis in Saccharomyces cerevisiae has now defined the
core pathway for protein disulphide bond formation
in the eukaryotic ER.

A pathway for protein disulphide bond
formation in the ER

A genetic dissection of oxidative protein folding
in yeast began with the isolation of an essential and
conserved gene, ERO1 (ER oxidation), encoding a
novel ER membrane protein required for protein oxi-
dation in the ER14,15 (Table 1). A temperature-sensitive
allele of ERO1 was identified in a screen for mutants
defective in the export from the ER of secretory pro-
teins containing disulphide bonds14. Mutations in
ERO1 were also isolated in a screen for S. cerevisiae
strains with diminished oxidative capacity, a property
reflected by increased sensitivity to the reductant
dithiothreitol (DTT)15. Secretory proteins that would
normally acquire intramolecular disulphide bonds
remain completely reduced in the conditional ero1-1
mutant14. Ero1p appears to introduce oxidizing
equivalents necessary for protein disulphide bond
formation into the ER lumen, a conclusion supported
by the observation that a membrane-permeable
thiol oxidant can substitute for ERO1 function14.
Moreover, overexpression of ERO1 increases the 
oxidative capacity of the cell14,15 (Table 1).

Recent findings indicate that Ero1p transfers di-
sulphide bonds directly to Pdi1p. Although the 
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active-site cysteines of yeast Pdi1p are found pre-
dominantly in disulphide form in vivo, those cys-
teines appear in dithiol form in the conditional
ero1-1 mutant (Table 1)16. Disulphide-linked com-
plexes between Ero1p and Pdi1p have been captured
from yeast cells, and these complexes are likely to
represent intermediates in the transfer of disulphide
bonds from Ero1p to Pdi1p16 (Fig. 1).

The isolation of Ero1p–Pdi1p mixed disulphides
implicated Pdi1p as a vital intermediate in the flow
of disulphide bonds from Ero1p to secretory proteins.
Consistent with this model, the defect in protein
folding observed in cells lacking Pdi1p was traced to
a defect in protein oxidation, indicating that Pdi1p
is necessary for the efficient formation of protein
disulphide bonds in the ER16,17 (Table 1). The identi-
fication of active-site mutants of Pdi1p that dimin-
ish the overall oxidative capacity of the cell further
highlights the significance of the oxidase activity of
Pdi1p17. Evidence that Pdi1p engages directly in
thiol–disulphide exchange with ER proteins came
from the detection of disulphide-linked complexes
between Pdi1p and a newly synthesized secretory
protein16. Mixed disulphides have also been captured
between mammalian PDI and viral glycoproteins
folding in the ER18.

These results provide a unified mechanism for pro-
tein oxidation in eukaryotic cells. Oxidizing equiva-
lents flow from Ero1p to secretory proteins via
Pdi1p16 (Fig. 2). Because this pathway requires only
thiol–disulphide exchange reactions between proteins

in order to transmit oxidizing equivalents, mixed
disulphides with small molecules such as gluta-
thione should not be necessary as intermediates in
disulphide bond formation.

Mutational analysis in yeast has suggested an essen-
tial role for Pdi1p in the isomerization of non-native
disulphide bonds, based on the behaviour of a
Cys-xa-xb-Ser active-site mutant of PDI. This form of
PDI retains isomerase but lacks detectable oxidase 
or reductase activity in vitro19. Nevertheless, over-
expression of Cys-xa-xb-Ser PDI can restore viability
to some cells lacking PDI1, suggesting that only the
isomerase activity of Pdi1p is essential for yeast 
viability9,19. How can these studies be reconciled with
observations placing Pdi1p in a pathway for protein
oxidation? It is possible that, in the absence of
Pdi1p, other relatively inefficient sources of oxidase
activity promote protein disulphide bond formation
in the ER. This seems quite likely since several oxido-
reductases homologous to Pdi1p are present in the
ER lumen20–22 (Table 2). A second possibility is that
the oxidase activity of Pdi1p is indeed essential, but
that Cys-xa-xb-Ser Pdi1p retains some oxidase activ-
ity in vivo associated with the formation of mixed
disulphides with Ero1p or glutathione.

The role of glutathione in oxidative protein
folding in the ER

The thiol–disulphide redox status of intralumenal
glutathione has long been the focus of considerations
of how relatively oxidizing conditions are established

TABLE 1 – MAJOR EUKARYOTIC AND PROKARYOTIC DISULPHIDE-BOND-FORMING PROTEINSa

Protein Localization Redox state Gene characteristics Refs
of active sites

Properties  Suppressors Consequences
of mutants of overproduction

Ero1p ER membrane Disulphide Defective protein oxidation Oxidant (diamide) Resistance to DTT 14–16, 25
Defective Pdi1p oxidation gsh1 mutations
Sensitivity to DTT
Inviability

Pdi1p ER lumen Disulphide Defective protein oxidation High-copy MPD1, 9, 16, 17, 
Sensitivity to DTT MPD2, EUG1 or EPS1 20–22, 40
Inviability

DsbB Bacterial Disulphide Defective protein oxidation Oxidant (GSSG, cystine) Resistance to DTT 29, 30, 36
cytoplasmic Defective DsbA oxidation dsbD mutations
membrane Sensitivity to DTT

DsbA Bacterial Disulphide Defective protein oxidation High-copy dsbC 29–31, 36,
periplasm Sensitivity to DTT dsbD mutations 47

DsbC Bacterial Dithiol Defective folding of proteins Reductant (low Suppression of 29, 30, 37,
periplasm with multiple disulphide bonds levels of DTT) dsbA mutations 38

Sensitivity to DTT

DsbD Bacterial ND Defective folding of proteins Reductant (low 29, 30, 37,
cytoplasmic with multiple disulphide bonds levels of DTT 38
membrane Defective DsbC reduction or GSH) 47

Sensitivity to high levels of DTT

Abbreviations: DTT, dithiothreitol; ER, endoplasmic reticulum; GSH, glutathione; GSSG, glutathione disulphide; ND, not determined.
aOnly a subset of the enzymes implicated in oxidative protein folding are shown. See Table 2 for additional eukaryotic enzymes.
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within the ER12. Glutathione is the major
small-molecule redox buffer in the ER,
and the ratio of the concentration of GSH
to GSSG in the ER (1:1 to 3:1) is similar to
that found in redox buffers affording op-
timal rates for oxidative refolding in
vitro12. From these observations, it was
natural to suppose that GSSG serves as
the primary source of oxidizing equiva-
lents driving disulphide bond formation
in vivo, as it does in vitro12. Accordingly,
disulphide bonds in newly synthesized
proteins could be thought to form
through thiol–disulphide exchange reac-
tions with GSSG or with oxidases depen-
dent upon GSSG as a source of oxidizing equivalents23.

Recent studies in yeast have disproved this hy-
pothesis. These studies relied in part upon a yeast
mutant that is devoid of intracellular glutathione
owing to disruption of GSH1, the gene encoding the
cytosolic enzyme catalysing the first and rate-limiting
step in glutathione biosynthesis24. GSSG was found
to be entirely dispensable for protein oxidation in vivo
because oxidative protein folding proceeded with
normal kinetics in cells lacking glutathione14. Sur-
prisingly, disruption of GSH1 actually restored pro-
tein oxidation in the conditional ero1-1 mutant, in-
dicating that GSH normally produces a load on the
protein oxidation pathway25. Removing glutathione
from the ER thus restores function to the compro-
mised protein oxidation system of the ero1-1 mu-
tant25. Oxidation of glutathione in the ER was 
further shown to rely upon oxidizing equivalents ul-
timately derived from Ero1p  as production of GSSG
in vivo was coupled to Ero1p activity25.
Together, these results show that gluta-
thione oxidation occurs at the expense
of protein oxidation and therefore indi-
cate that glutathione serves as a net re-
ductant in the ER25 (Fig. 3). Oxidation
of intralumenal GSH could result from
the reduction of disulphide bonds in se-
cretory proteins PDI or even in Ero1p
(Fig. 3).

What role does glutathione normally
play during oxidative protein folding
in vivo? Studies of oxidative protein re-
folding in vitro have shown that both
oxidizing and reducing equivalents are
necessary for efficient refolding2. GSH
might provide those reducing equivalents
necessary to generate optimal folding
conditions in the ER. Reducing equiva-
lents from GSH might also counteract
conditions of oxidative stress, a view
consistent with the observation that
oxidative protein folding is more readily
compromised by an exogenous oxidant
in cells deficient in glutathione25. Con-
sistent with a role for glutathione in the
ER as a net source of reducing equiva-
lents, recent work suggests that GSH,
rather than GSSG, is selectively imported
into ER microsomes26.

The functional analysis of Ero1p, Pdi1p and gluta-
thione offers a new perspective on how protein
disulphide bond formation occurs in the ER. The
emerging view is that disulphide bond formation in
the ER proceeds by the sequential transfer of oxidiz-
ing equivalents between proteins rather than by
transfer from GSSG. An important implication of this
view is that the flow of oxidizing equivalents might
be controlled more by the kinetics of protein–
protein interactions than by equilibration of protein
dithiols and disulphides with the glutathione redox
buffer. Thus, the actual redox status of a protein in
the ER might be determined primarily by the rela-
tive reactivity with other redox-active proteins and
might differ significantly from that predicted from
equilibrium measurements of redox potential relative
to glutathione. In the case of PDI itself, the redox po-
tential as measured by equilibrium with glutathione
is nearly equivalent to the thiol–disulphide redox
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FIGURE 1

The proposed mechanism for thiol–disulphide exchange between Ero1p and Pdi1p. A disulphide
bond in Ero1p undergoes nucleophilic attack by a thiolate anion derived from the N-terminal
active-site cysteine of Pdi1p. The resulting mixed-disulphide intermediate can be resolved by
intramolecular attack of the mixed-disulphide bond by a thiolate anion derived from the C-terminal
cysteine of Pdi1p. This mixed disulphide intermediate (box) has been detected following treatment of
cells with acid, a reagent that inhibits further thiol–disulphide exchange by driving thiol protonation. 
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FIGURE 2

A pathway for protein disulphide bond formation in the endoplasmic reticulum (ER). Oxidizing
equivalents flow from Ero1p to Pdi1p, and then from Pdi1p to secretory proteins, through a series of
direct thiol–disulphide exchange reactions. Some subset of the ER oxidoreductases homologous to
protein disulphide isomerase (PDI), including yeast Mpd2p, might function in parallel with Pdi1p. The
mechanism for re-oxidation of Ero1p is unknown. Only one thioredoxin-like domain of Pdi1p is shown.
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status of glutathione in the ER12,27, leading to the 
expectation that, if PDI within the ER were in equi-
librium with the glutathione redox buffer, it should
partition equally between the dithiol and disulphide

forms6. However, direct measurement of the redox
status of Pdi1p in vivo reveals that the enzyme is 
almost entirely in the disulphide form16. This dispar-
ity can be explained if Pdi1p is not in equilibrium with

the glutathione redox buffer but instead
the redox status of Pdi1p represents a
steady-state condition set by efficient
oxidation of Pdi1p by Ero1p and rela-
tively inefficient reduction of Pdi1p by
glutathione and protein thiols. Thus
the behaviour of PDI in standard in vitro
assay conditions for oxidative protein
refolding might differ fundamentally
from that in the physiological environ-
ment of the ER. In vitro, the inefficiency
of re-oxidation of PDI by GSSG might
severely restrict the capacity of the en-
zyme to act as an oxidase28. In vivo,
however, Ero1p activity appears to keep
PDI in an oxidized state poised for the
transfer of disulphide bonds to sub-
strate proteins.

Similarities in eukaryotic and
prokaryotic disulphide-bond-forming
pathways

The pathway for protein disulphide
bond formation in the bacterial peri-
plasm provides a useful analogy for the

trends in Cell Biology

S

S

S S

Ero1

Ero1
SH

SH

S S

PDI and
homologues

PDI and
homologues

Secreted
protein

Secreted
protein

2GSH

GSSG

2GSH

GSSG

2GSH

GSSG
GSH

Oxidant

SHSH SHSH

Cytosol Lumen

FIGURE 3

Redox balance in the endoplasmic reticulum (ER). Oxidation of glutathione competes with protein
oxidation in the ER. Reduced glutathione (GSH) imported into the ER lumen engages in

thiol–disulphide exchange reactions, leading to the net reduction of secretory proteins and the net
oxidation of GSH. GSH could interact with ER oxidoreductases and proteins folding in the ER.

Reducing equivalents contributed by GSH (red) might be important for maintaining optimal redox
conditions for protein folding, by counterbalancing the flow of oxidizing equivalents through Ero1p

(blue arrows). GSSG, oxidized glutathione; PDI, protein disulphide isomerase.

TABLE 2 – EUKARYOTIC HOMOLOGUES OF PDI

Protein Size   Thioredoxin-like domains Acidic Distinctive Shared Refs
(kDa)a regions features features

with without 
CXXC CXXC
(a type) (b type)b

S. cerevisiae
homologues
Pdi1p 58 2 2 1 Essential for viability SS, HDEL, CHO 9, 10
Mpd1p 36 1 1 SS, HDEL, CHO 20
Mpd2p 32 1 – SS, HDEL, CHO 21
Eug1p 58 2 2 Cys-x-x-Ser active sites SS, HDEL, CHO 40
Eps1p 81 1 1 ER membrane protein SS, KKKXXX, CHO 22

Mammalian 
homologues
PDI 55 2 2 1 General peptide-binding SS, KDEL 39, 48, 49

site mapped to b9 domain
ERp72 71 3 2 1 Calcium binding SS, KEEL 39, 50–52
ERp57 54 2 2 Interaction with nascent SS, QEDL 18, 39, 41,

monoglycosylated glycoproteins 42, 53
P5 46 2 1 1 SS, KDEL 39, 52, 54
PDIR 57 3 1 SS, KEEL 39, 55
PDIp 55 2 2 Pancreas-specific expression SS, KEEL, CHO 39, 56

aSizes for the yeast PDI proteins refer to the predicted molecular weights of each gene product based on the full DNA sequence and will not
reflect signal-sequence cleavage or glycosylation of the proteins in vivo.
bThe presence of b-type domains in mammalian homologues of PDI is inferred by sequence comparisons to known thioredoxin-fold domains of
PDI proteins39.  b-type domains in the yeast homologues of PDI are inferred by sequence conservation with Pdi1p in regions corresponding to
the b-type domains of mammalian PDI.  Any structural similarities between these regions and thioredoxin remain to be determined.
Abbreviations: CHO, potential glycosylation acceptor sites; SS, signal sequence. HDEL, KKKXXX, KDEL, KEEL and QEDL refer to the amino acid
sequence of potential endoplasmic reticulum retention signals.
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protein oxidation system in eukaryotes.
Two enzymes drive disulphide bond
formation in periplasmic proteins: the
thioredoxin-like thiol–disulphide oxido-
reductase DsbA and the cytoplasmic
membrane protein DsbB29,30 (Table 1).
The active-site cysteines of DsbA form 
a disulphide bond that is transferred 
directly to periplasmic proteins31, after
which DsbA is efficiently re-oxidized by
DsbB32 (Fig. 4). This oxidation pathway
proceeds entirely through the protein-to-
protein transfer of oxidizing equivalents
via thiol–disulphide exchange, as demon-
strated by the capture of disulphide-
linked heterodimers between DsbA and
DsbB33,34. A small-molecule intermediate
such as glutathione is unlikely to serve
as an intermediate in this pathway, in
part because the permeability of the
outer membrane of Gram-negative bac-
teria does not allow for the concen-
tration of low-molecular-weight thiol
compounds in the periplasm.

In both prokaryotic and eukaryotic
systems, a membrane-associated oxido-
reductase is thus implicated in the di-
rect transfer of disulphide bonds to a
soluble, thioredoxin-like oxidoreductase.
Aside from the fact that the ER contains
glutathione and the periplasm does not,
the similarities between the key components of eu-
karyotic and prokaryotic disulphide-bond-forming
systems are striking. For example, mutations in both
PDI1 and dsbA disrupt the oxidation of secretory
proteins, and PDI can complement mutations in
dsbA when targeted to the bacterial periplasm16,31,35.
The ero1 mutant of Saccharomyces cerevisiae appears
primarily defective in re-oxidation of Pdi1p16, and, in
similar fashion, the Escherichia coli dsbB mutant is pri-
marily defective in re-oxidation of DsbA36 (Table 1).

In the bacterial periplasm, the isomerization of
non-native disulphide bonds proceeds through a
separate pathway analogous to the DsbA–DsbB sys-
tem. Two components of this pathway are the peri-
plasmic oxidoreductase DsbC and the cytoplasmic
membrane protein DsbD29,30 (Fig. 4 and Table 1).
DsbC is likely to serve as a catalyst for disulphide
reshuffling in vivo because the loss of DsbC selec-
tively disrupts the folding of those proteins with
multiple disulphide bonds37. Consistent with activ-
ity as an isomerase, the active-site cysteines of DsbC
are found in dithiol form. Maintenance of DsbC in
dithiol form requires a net influx of reducing
equivalents from DsbD (Fig. 4), possibly to counter-
act a tendency for DsbC to be oxidized by DsbB30,38.
Alternatively, if catalysis by DsbC involves the re-
ductive cleavage of inappropriate disulphide bonds
with the concomitant oxidation of DsbC, then DsbD
might be necessary to regenerate reduced, active
DsbC30. In this case, complete disulphide bond for-
mation in the substrate protein would require an ad-
ditional oxidation step likely to be performed by
DsbA30. Interestingly, reducing equivalents delivered

to DsbC from DsbD are derived from cytoplasmic
thioredoxin, indicating that DsbD transmits reducing
potential across the cytoplasmic membrane38 (Fig. 4).

The family of PDI homologues
Several oxidoreductases homologous to PDI are

found in the ER of both yeast and mammalian cells
(Table 2). These PDI homologues have been impli-
cated in diverse processes including not only oxida-
tive protein folding but also the assembly of multi-
protein complexes and the recognition of misfolded
proteins in the ER39. Erp57 and Erp72 are mam-
malian homologues of PDI induced under condi-
tions of ER stress39 (Table 2). Yeast homologues of
PDI expressed in the ER lumen are Mpd1p, Mpd2p,
Eug1p and Eps1p20–22,40. Although Pdi1p is the only
oxidoreductase strictly required for yeast viability,
overproduction of any one of these enzymes can at
least partially substitute for the loss of PDI120–22,40.
The EPS1 gene has recently been implicated in the
ER retention of a misfolded variant of Pma1p, the
plasma membrane ATPase22.

One attractive possibility is that individual mem-
bers of the PDI family might be dedicated to the
catalysis of disulphide bond formation, reduction or
isomerization in vivo, just as DsbA and DsbC work in
separate pathways to catalyse disulphide bond for-
mation and isomerization in the bacterial periplasm.
For example, Mpd2p might serve as a dedicated oxi-
dase, given that the enzyme is a substrate for Ero1p16.
If homologues of PDI do serve as dedicated catalysts of
specific redox reactions, then an intriguing question
arises as to how their specificity could be established.
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Pathways for protein disulphide bond formation and isomerization in the Escherichia coli periplasm.
Secreted proteins are oxidized through thiol–disulphide exchange reactions with the soluble
oxidoreductase DsbA, which is then re-oxidized by the cytoplasmic membrane protein DsbB. Under
aerobic growth conditions, electrons flow from DsbB to molecular oxygen via ubiquinone (Q) and
cytochrome bo or bd oxidase. The oxidoreductase DsbC catalyses disulphide bond rearrangements.
Electrons flow from cytoplasmic thioredoxin to DsbC via the cytoplasmic membrane protein DsbD.
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The catalytic efficiency of Ero1p towards different
homologues of PDI might vary widely and in part
determine the catalytic niche of each enzyme. The
redox potential of the active site of each enzyme could
also be adapted to favour oxidase or reductase activity.
However, the exact redox potential of an enzyme
might not fully account for its functional specificity.
For example, DsbA and DsbC have similar redox po-
tentials yet appear in different oxidation states and
perform discrete functions in the bacterial periplasm.
In the ER, functional distinctions among the redox
activities of PDI homologues must be maintained in
the presence of a glutathione redox buffer12. It is
possible that the PDI homologues might undergo
thiol–disulphide exchange reactions with molecules
such as Ero1p much more rapidly than they do with
glutathione, kinetically isolating glutathione from
certain disulphide-bond-forming pathways28.

Individual PDI homologues have been shown to
interact physically with discrete classes of secretory
proteins, adding yet another layer to the potential
specificity of these enzymes in vivo39. Such interactions
can be independent of oxidoreductase activity and
in some cases appear to involve thioredoxin-like do-
mains that lack a Cys-xa-xb-Cys motif39 (Table 2).
Mammalian ERp57 provides an example of an enzyme
interacting with a specific class of substrates. This
enzyme engages directly in thiol–disulphide ex-
change reactions with nascent glycoproteins folding
in the ER but interacts only with monoglycosylated
substrates via a tripartite interaction with calnexin or
calreticulin18,39,41. Association with calnexin stimulates
the isomerase activity of ERp57 in vitro42.

There are serious obstacles to dissecting the specific
functions of individual members of the PDI family

through biochemical or genetic analysis.
These enzymes can, according to how
an assay is configured, display activity
either as oxidases, reductases or isomer-
ases in vitro. The potential for functional
redundancy among these enzymes
complicates genetic analysis, especially
because the loss of these gene products,
through the accumulation of misfolded
proteins, often leads to the general in-
duction of ER oxidoreductases and
chaperones with the unfolded protein
response (UPR)43. Thus, defects in oxi-
dative protein folding associated with
the loss of any one PDI homologue
might be largely obscured through a
compensatory induction by the UPR of
enzymes with redundant activities.

Models for disulphide bond
isomerization in eukaryotes

The similarities observed thus far 
between eukaryotic and prokaryotic
disulphide-bond-forming systems suggest
that commonalities might also be found
between disulphide bond isomerization
pathways in eukaryotes and the DsbC–
DsbD system in prokaryotes. Eukaryotic
secretory proteins typically contain more

disulphide bonds than their prokaryotic counterparts,
indicating that there might be an even greater need
for disulphide bond reducing or reshuffling functions
in the ER than in the periplasm. However, genetic
tests for the requirements for the oxidative folding of
proteins with multiple disulphide bonds have not yet
been developed in eukaryotes, so the components of
isomerization pathways in the ER remain unclear.
PDI and some subset of the PDI homologues are likely
to serve as the immediate catalysts for disulphide
reshuffling in the ER4,19 (Fig. 5). However, one would
predict that the active-site cysteines of a dedicated
isomerase would be found in dithiol form in vivo, a cri-
terion not met by yeast Pdi1p or Mpd2p16. If Pdi1p
functions largely as an oxidase, then other PDI ho-
mologues might be needed in addition to Pdi1p to
catalyse disulphide reshuffling in the yeast ER. Eug1p
is a strong candidate for a dedicated isomerase in
yeast as the active sites of this enzyme have the se-
quence Cys-xa-xb-Ser, a configuration that should
preclude activity as an oxidase or reductase40. GSH
imported into the ER lumen could serve a physio-
logical role analogous to that of prokaryotic DsbD, by
keeping isomerases in their reduced, active form
(Fig. 5). Alternatively, a PDI homologue associated with
the ER membrane, such as Eps1, might perform this re-
ductive function by transmitting reducing equiva-
lents to ER isomerase(s) from the cytosol (Fig. 5).

Where do the oxidizing equivalents come from?
Although Ero1p appears to be the key conduit for

introducing oxidizing equivalents into the ER lumen,
it remains unclear how Ero1p itself is re-oxidized.
Because Ero1p engages in thiol–disulphide exchange
with Pdi1p, the identification of one or more
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redox-active cysteine pairs is anticipated in Ero1p.
These active-site cysteines might be found amongst
the seven conserved cysteine residues of Ero1p, three
of which appear in the sequence Cys-x-x-Cys-x-x-Cys
near the C-terminus of Ero1p14,15.

Work in bacteria has shown that DsbB is re-oxidized
predominantly through the transfer of electrons to
molecular oxygen via later stages of the respiratory
electron transport chain. Accordingly, depletion of
intracellular pools of haem or ubiquinone and
menaquinone will disrupt the flow of oxidizing
equivalents into the DsbB–DsbA system44,45. More-
over, in vitro, electrons flow from DsbB directly to
ubiquinone associated with either cytochrome bd
or cytochrome bo oxidase, and these two haem-
containing terminal oxidases then shuttle electrons
to molecular oxygen32 (Fig. 4). When E. coli are
grown anaerobically, menaquinone might transfer
electrons from DsbB to alternative acceptors32.

In yeast, at least two cytochrome-based systems
that reside in the ER membrane are responsible for
sterol and unsaturated fatty acid biosynthesis46.
Both systems transfer electrons directly to molecular
oxygen and could potentially serve as electron sinks
for the relatively small number of electrons released
during disulphide bond formation in the ER lumen.
However, all of these electron transport chains are
thought to be oriented to the cytosolic face of the ER,
so, if they are in fact coupled to re-oxidation of Ero1p,
then a lipid-soluble small-molecule electron accep-
tor might be needed to shuttle between the lumenal
and cytosolic leaflets of the ER membrane. As yet, a
small-molecule electron acceptor for re-oxidation of
Ero1p has not been identified. Because Ero1p behaves
like an integral membrane protein, it is also possible
that a portion of Ero1p has direct access to proteins
of the ER-based electron-transport machinery.

Summary and future prospects
The work reviewed here places Ero1p and Pdi1p in

an enzymatic pathway for protein disulphide bond for-
mation in the ER16 and demonstrates that intralumenal
GSH competes with protein thiols for oxidizing equiva-
lents derived from Ero1p25. These studies provide a solid
framework for further genetic and biochemical analysis
of oxidative protein folding in eukaryotes. It will be of
great interest to see whether analogies between eukary-
otic and prokaryotic systems continue to hold as more
details of the mechanism of Ero1p re-oxidation emerge.
The contributions of individual PDI homologues to ox-
idative protein folding in the ER might become clearer
once genetic tests are developed to identify factors
required for disulphide bond isomerization in vivo.
Further, the reconstitution of oxidative protein folding
driven by Ero1p should enable a biochemical dissection
of the interactions of Ero1p, the PDI homologues and
glutathione with secretory proteins in an environment
more closely resembling the ER lumen than could
previously be achieved under assay conditions in
which oxidizing equivalents are supplied by GSSG.
Analysis of oxidative protein folding under native
conditions should elucidate how cells meet the spe-
cific requirements for disulphide bond formation in
a wide array of secretory proteins.
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The past year has seen some dramatic
breakthroughs in stem cell research1.
The January 2000 Keystone confer-
ence* brought together researchers
ranging from developmental biolo-
gists to clinical haematologists to dis-
cuss progress in this exciting field.
Despite these diverse backgrounds,
several common themes emerged
during the conference.

Fate decisions
Stem cells are defined by their abil-

ity to self-renew and to generate 
differentiated cells2. They produce 
all the tissue types that make up an
adult organism during development,
and are responsible for the renewal
and repair of adult tissues, such as the
blood, the lining of the gut, and the
epidermis.

How is diversity generated in the
daughters of stem cells? It is easy to see
how invariant asymmetric cell divisions
could always generate one stem and
one nonstem daughter. However, most
strategies are based on populational
asymmetry, with cell fate being respon-
sive to extrinsic factors in the local
environment.

A well-studied example of an invariant
strategy is the asymmetrical localization
of cell fate determinants, such as numb,
within a pre-mitotic precursor cell
(Fig. 1). This, together with correct 
orientation of the mitotic spindle, gen-
erates daughters with distinct identi-
ties. The machinery that directs asym-
metric cell division and spindle
localization is being uncovered in
genetically tractable organisms such as
Drosophila, Caenorhabditis elegans and

yeast2. It now seems that this machinery
could be conserved in vertebrates. S.
Temple (Albany, USA) has demon-
strated, by using long-term time-lapse
microscopy, that mouse cortical neu-
ronal precursors follow stereotyped 
reiterative asymmetric cell divisions that
correlate with asymmetric localization
of the mouse homologue of numb.

Extrinsic signals that maintain Dros-
ophila germline stem cells, such as 
the nucleoplasmic factor PIWI, are
provided by a specialized somatic
microenvironment within the ovary, 
a ‘stem cell niche’. H. Lin (Durham,
USA) has now found a PIWI homo-
logue that is associated with the male
germline in vertebrates.

Feedback mechanisms also influence
the balance of two different fates
within a population. For example, the
signalling protein Delta, expressed on
differentiating neurons, suppresses
differentiation of neighbouring pre-
cursors. In newly discovered variations
on this theme, Delta directs neural crest
stem cells to differentiate into glia

28 Westphal, V. et al. (1998) Kinetic analysis of the mechanism and
specificity of protein-disulfide isomerase using fluorescence-quenched
peptides. J. Biol. Chem. 273, 24992–24999

29 Missiakas, D. and Raina, S. (1997) Protein folding in the bacterial
periplasm. J. Bacteriol. 179, 2465–2471

30 Debarbieux, L. and Beckwith, J. (1999) Electron avenue: pathways of
disulfide bond formation and isomerization. Cell 99, 117–119

31 Bardwell, J.C. et al. (1991) Identification of a protein required for
disulfide bond formation in vivo. Cell 67, 581–589

32 Bader, M. et al. (1999) Oxidative protein folding is driven by the
electron transport system. Cell 98, 217–227

33 Kishigami, S. et al. (1995) DsbA–DsbB interaction through their active
site cysteines. Evidence from an odd cysteine mutant of DsbA. J. Biol.
Chem. 270, 17072–17074

34 Guilhot, C. et al. (1995) Evidence that the pathway of disulfide bond
formation in Escherichia coli involves interactions between the cysteines
of DsbB and DsbA. Proc. Natl. Acad. Sci. U. S. A. 92, 9895–9899

35 Humphreys, D.P. et al. (1995) Human protein disulfide isomerase
functionally complements a dsbA mutation and enhances the yield of
pectate lyase C in Escherichia coli. J. Biol. Chem. 270, 28210–28215

36 Bardwell, J.C. et al. (1993) A pathway for disulfide bond formation 
in vivo. Proc. Natl. Acad. Sci. U. S. A. 90, 1038–1042

37 Rietsch, A. et al. (1996) An in vivo pathway for disulfide bond isomerization
in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 93, 13048–13053

38 Rietsch, A. et al. (1997) Reduction of the periplasmic disulfide bond
isomerase, DsbC, occurs by passage of electrons from cytoplasmic
thioredoxin. J. Bacteriol. 179, 6602–6608

39 Ferrari, D.M. and Soling, H.D. (1999) The protein disulphide-isomerase
family: unravelling a string of folds. Biochem. J. 339, 1–10

40 Tachibana, C. and Stevens, T.H. (1992) The yeast EUG1 gene encodes
an endoplasmic reticulum protein that is functionally related to protein
disulfide isomerase. Mol. Cell. Biol. 12, 4601–4611

41 Oliver, J.D. et al. (1997) Interaction of the thiol-dependent reductase
ERp57 with nascent glycoproteins. Science 275, 86–88

42 Zapun, A. et al. (1998) Enhanced catalysis of ribonuclease B folding by
the interaction of calnexin or calreticulin with ERp57. J. Biol. Chem. 273,
6009–6012

43 Sidrauski, C. et al. (1998) The unfolded protein response: an
intracellular signalling pathway with many surprising features. Trends
Cell Biol. 8, 245–249

44 Kobayashi, T. et al. (1997) Respiratory chain is required to maintain
oxidized states of the DsbA–DsbB disulfide bond formation system in
aerobically growing Escherichia coli cells. Proc. Natl. Acad. Sci. U. S. A. 94,
11857–11862

45 Kobayashi, T. and Ito, K. (1999) Respiratory chain strongly oxidizes the
CXXC motif of DsbB in the Escherichia coli disulfide bond formation
pathway. EMBO J. 18, 1192–1198

46 Daum, G. et al. (1998) Biochemistry, cell biology and molecular biology
of lipids of Saccharomyces cerevisiae. Yeast 14, 1471–1510

47 Missiakas, D. et al. (1995) Identification and characterization of a new
disulfide isomerase-like protein (DsbD) in Escherichia coli. EMBO J. 14,
3415–3424

48 Edman, J.C. et al. (1985) Sequence of protein disulphide isomerase and
implications of its relationship to thioredoxin. Nature 317, 267–270

49 Klappa, P. et al. (1998) The b9 domain provides the principal
peptide-binding site of protein disulfide isomerase but all domains
contribute to binding of misfolded proteins. EMBO J. 17, 927–935

50 Mazzarella, R.A. et al. (1990) ERp72, an abundant luminal endoplasmic
reticulum protein, contains three copies of the active site sequences of
protein disulfide isomerase. J. Biol. Chem. 265, 1094–1101

51 Nigam, S.K. et al. (1994) A set of endoplasmic reticulum proteins
possessing properties of molecular chaperones includes Ca(2+)-binding
proteins and members of the thioredoxin superfamily. J. Biol. Chem.
269, 1744–1749

52 Lundstrom-Ljung, J. et al. (1995) Two resident ER-proteins, CaBP1 and
CaBP2, with thioredoxin domains, are substrates for thioredoxin reductase:
comparison with protein disulfide isomerase. FEBS Lett. 357, 305–308

53 Hirano, N. et al. (1995) Molecular cloning of the human
glucose-regulated protein ERp57/GRP58, a thiol-dependent reductase.
Identification of its secretory form and inducible expression by the
oncogenic transformation. Eur. J. Biochem. 234, 336–342

54 Fullekrug, J. et al. (1994) CaBP1, a calcium binding protein of the
thioredoxin family, is a resident KDEL protein of the ER and not of the
intermediate compartment. J. Cell Sci. 107, 2719–2727

55 Hayano, T. and Kikuchi, M. (1995) Molecular cloning of the cDNA
encoding a novel protein disulfide isomerase-related protein (PDIR).
FEBS Lett. 372, 210–214

56 Desilva, M.G. et al. (1997) Molecular characterization of a
pancreas-specific protein disulfide isomerase, PDIp. DNA Cell Biol. 16,
269–274

Stem cells show their potential

Sally Lowell

Acknowledgements

We are grateful to
Peter Chivers and
Fredrik Åslund for
comments on this

manuscript. We
apologize to those

authors whose
work we could not
cite directly owing

to space
limitations. Work
in the laboratory

of the authors was
supported by

grants from the
National Institute

of General Medical
Sciences (to C.A.K.),
an NIH predoctoral

traineeship
(to A.R.F.) and an

NIH National
Research Service

Award (to J.W.C.).


