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ABSTRACT
The formation of native intramolecular disulfide bonds is critical for the folding and stability of many
secreted proteins. This process involves oxidation of protein thiols to form disulfide bonds as well as
rearrangement of any non-native disulfide bonds that might form. Protein disulfide isomerase (PDI) is an
abundant catalyst for native disulfide bond formation in the lumen of endoplasmic reticulum (ER). PDI is
composed of four domains (termed a, b, b’ and a’) and an anionic tail (c). The a and a’ domains of PDI
are structural and functional homologue of thioredoxin and each contains an active site with the sequence
CGHC. In this study, we examined the structural basis for the redox activity of PDI. A number of PDI
mutants with shuffled domain order were generated using a novel method that should be generally
applicable to multidomain proteins. Activity measurement on PDI mutants reveals that the multidomain
structure of PDI is essential for high isomerase activity. Except for the b’-a’-c construct, which has ~ 38%
of the isomerase activity of wild-type PDI, all new PDI constructs with one or two domains have less than
10% activity of the wild-type protein. Unlike the isomerase activity, the multidomain structure of PDI does
not contribute to its function as an oxidase. The single catalytic domains of PDI (a or a’) possess less than
5% of the isomerase activity but ~ 50% of the oxidase activity.
The redox potential of ratPDI is –150mV, glutaredoxin 1 (Grx1) from E.coli, has redox potential of –233
mV. Thermodynamically, ratPDI is a 600-fold better oxidizing agent than Grx1. Despite that, Grx1 is a
surprisingly good protein oxidant. It catalyzes the formation of protein disulfides in a redox buffer with an
initial velocity that is 30-fold faster than the PDI-catalyzed oxidation. To investigate the basis of the
unusual versatility of Grx1 as a protein oxidant and reductant, we have compared the kinetics of disulfide
formation and reduction catalyzed by Grx1 and PDI. Mutations in the active site cysteines reveal that PDI
introduces disulfides into reduced substrates through a dithiol mechanism, where both active site cysteines
are required, while Grx1can utilize a single active site cysteine to catalyze protein oxidation through the
formation of a Grx-SG mixed disulfide. As an oxidase, Grx1 provides oxidizing equivalents to its
substrates through a reactive mixed disulfide with glutathione. As reductants of protein disulfides, both
Grx1 and PDI require two active site cysteines. For PDI, its multi-domain structure is needed to catalyze
protein disulfide reduction. It is suggested that both Grx1 and PDI have developed specialized
mechanisms to enhance catalysis of reactions that would normally be difficult because of the stability of
the active site thiols and disulfides.
In the yeast Saccharomyces cerevisiae, deletion of the PDI1 gene is lethal. There has been some
uncertainty about which part of this catalytic activity, the oxidase or isomerase activity, represents the
essential in vivo function of PDI. The single catalytic a’ domain of yeastPDI (yeastPDIa’) has 50% of the
oxidase activity of yeast PDI, but less than 5% of the isomerase activity. However, this isomerase-deficient
mutant of PDI supports wild-type growth even in a strain in which all of the PDI homologues of the yeast
ER (Mpd1p, Mpd2p, Eug1p, Eps1p) have been deleted. Thus, sulfhydryl oxidation, not disulfide
isomerization, is the essential function of PDI. Despite the importance of its oxidase activity, pulse-chase
experiments monitoring the maturation of carboxypeptidase Y (CPY) suggest that PDI does display its
isomerase activity in vivo. Using a more sensitive gel-shift assay to measure the redox state of PDI in the
ER, we find that a significant fraction of the PDI active sites are in the reduced state (32±8%), capable of
catalyzing disulfide isomerization. ER homologues of PDI also provide oxidase and isomerase activity to
sustain relatively efficient processing of native disulfide bond formation when the catalytic functions of
PDI are compromised. Surprisingly, yeast strains that have all the homologues of Pdi1p deleted still show
wild-type growth rates even when isomerase-deficient Pdi1p provides the only source of PDI function.
High levels of disulfide isomerization are evidently not essential to the survival and growth of yeast,
suggesting an evolutionary process in yeast that may select against essential proteins that require disulfide
isomerization.

Abbreviations and Definitions:

DsbA

disulfide bond promoting enzyme encoded by dsbA

DTT

dithiothreitol

E0

apparent standard state redox potential at 25°C

ER

endoplasmic reticulum

GR

glutathione reductase

Grx

glutaredoxin

GSH

glutathione (reduced form)

GSSG

glutathione disulfide

NADPH

nicotinamide adeninedinucleotide phosphate

NMR

nuclear magnetic resonance spectroscopy

PCR

polymerase chain reaction

PDI

protein disulfide isomerase

RNase

bovine pancreatic ribonuclease A

SH

thiol group

sRNase

bovine pancreatic ribonuclease A with non-native disulfide bonds

SS

disulfide bond

Trx

thioredoxin

wt

wild type
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INTRODUCTION
The fundamental mechanism of protein folding
A great deal is known about proteins: as long chains of amino acids folded into distinctive
globular structures, they do everything from catalyzing chemical reactions to destroying microbes
in the bloodstream. The correctly folded structure of a protein is vital to its function; an extra kink
or a missing coil can spoil everything. The yawning gap in our understanding of proteins is how
they fold up into the correct structure. Even when a protein’s precise sequence of amino acids is
known, it is usually extremely hard to predict its final shape.
The mechanism by which a polypeptide chain folds to a specific three-dimensional protein
structure has until recently been shrouded in mystery. Consider a small protein with 100 residues.
Cyrus Levinthal calculated that if each residue can assume three different positions, the total
number of structure is 3100. Clearly, a systematic search for a particular structure would take
longer than the age of the universe even if a protein could try out 100 billion folds a second. But it
doesn’t. The enormous difference between calculated and actual folding times is called
Levinthal’s paradox. It is now clear that the folding process involves a stochastic search of the
many conformations accessible to a polypeptide chain (Dill and Chan, 1997; Wolynes et al.,
1995). Because, on average, native-like interactions between residues are more stable than nonnative ones, the polypeptide chains is able to find its lowest-energy structure by a process of trial
and error. Native states of proteins almost always correspond to the structures that are most
thermodynamically stable under physiological conditions. Thus, a protein has a rugged energy
landscape that has a single state with an especially low energy, states only slightly different from
the native fold also have lower than average energies. Such funnel-like energy landscape is the
answer to the folding paradox (Fig. 1). Interactions involving the key residues force the chain to
adopt a rudimentary native-like architecture. Once the correct topology has been achieved, the
native structure will then almost invariably be generated during the final stages of folding
(Vendruscolo et al., 2001). Because the energy landscape unique to a specific protein is encoded
by its amino-acid sequence, natural selection has enabled proteins to evolve so that they are able
to fold rapidly and effectively.

Protein folding in the cell
In the cell, proteins are synthesized on ribosomes from genetic information encoded in the
cellular DNA. Folding in vivo is in some case co-translational; that is, it is initiated before the
completion of protein synthesis, whereas the nascent chain is still attached to the ribosome
(Hardesty and Kramer, 2001). Other proteins, however, undergo the major part of their folding in
the cytoplasm after release from the ribosome (Hartl and Hayer-Hartl, 2002). In eukaryotic
systems, many of proteins that are synthesized in a cell are destined for secretion to the
extracellular space. These proteins are translocated into endoplasmic reticulum (ER), where
folding takes place before secretion through the Golgi apparatus. The protein concentration in the
lumen of the ER is very high, of the order of 200mg/ml. Hence, nascent polypeptide chains have
many opportunities for promiscuous interactions within the crowded environment. Cells have,
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therefore, evolved a range of strategies to prevent such behavior. One of the particularly
important strategies involves the molecular chaperones that are present in all type of cells and
cellular compartments. Nascent polypeptide chains in the lumen of the ER do not immediately
fold. Rather, they bind to chaperone proteins that keep them unfolded for minutes. Chaperones do
not themselves increase the rate of individual steps in protein folding. Rather, they assist folding
by blocking illicit intermolecular interactions, particularly aggregation. The chaperone levels are
continuously adjusted to cope with changing needs of the cell. This is particularly important
under conditions of stress. Like the ‘heat shock response’ in the cytoplasm and the ‘unfolded
protein response’ in the ER (Dobson, 2003; Goldberg, 2003; Sitia and Braakman, 2003).

Starting structure

FREE ENERGY

}

Folding
intermediates

SIMILARITY TO NATIVE STATE

In addition to molecular chaperones, the lumen of the ER also contains several classes of folding
catalysts that accelerate potentially slow steps in the folding process. The most important are
protein disulfide isomerases (PDI), which accelerate protein folding by catalyzing the formation
of correct disulfide pairings. Peptidyl prolyl isomerases are important too. They accelerate protein
folding by increasing the rate of cis-trans isomerization of peptide bonds involving proline
residues.

Saddle point
Native structure

Fig.1: Folding energy for a protein molecule, depicted schematically in one-dimensional crosssection. The critical region on a simple surface is the saddle point corresponding to the transition
state, the barrier that all molecules must cross if they are to fold to the native state.
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ER-associated degradation
Despite the fact that the ER contains wide range of molecular chaperones and folding catalysts,
given the enormous complexity and the stochastic nature of the folding process, protein
misfolding inevitably occurs in the cell. The aberrant proteins originating from misfolding are
extremely harmful to cells. A ‘quality control’ mechanism is in place to ensure that only correctly
folded proteins are exported out of the ER (Fig. 2). This quality-control mechanism involves
multiple cycles of glucosylation and trimming that enables correctly folded protein to be
distinguished from misfolded ones (Hammond and Helenius, 1995). Terminally misfolded
proteins are unfolded and retro-translocated across the narrow Sec61 channels into cytosol, where
they are labeled first by ubiquitin in an energy requiring process and then digested to small
peptides by the large proteolytic complex, the 26S proteasome (Kostova and Wolf, 2003; Tsai et
al., 2002). This process, known as ER-associated degradation (ERAD), is essential to prevent
protein accumulation and aggregation in the ER. It seems that protein misfolding is a generally
occurring theme in cells. Data from several experiments suggest that a large fraction of newly
synthesized proteins are rapidly degraded (Gronostajski et al., 1985; Schubert et al., 2000). As
many as 30% of newly synthesized proteins in eukaryotes might undergo degradation within
minutes of synthesis (Schubert et al., 2000). After release from ribosome, polypeptide chains face
a life-death kinetic competition between successful folding and rapid hydrolysis of unfolded
species
Ribosome

Transport
in

Misfolded
Correctly
folded

Unfolded

Transported
out

Transport
to Golgi

ER
Cytosol

Ubiquitin
conjugation

ATP

26S proteasome

Degraded
protein

Fig.2: Quality control in the endoplasmic reticulum (ER). Correctly folded proteins are
transported to the Golgi complex and then delivered to the extracellular space. However,
incorrectly folded protein are detected by a quality control mechanism and eventually dislocated
to the cytosol for proteasome degradation.
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Protein Disulfide Isomerase (PDI)
General functions of PDI
PDI was first isolated from liver in 1963 by the pioneer of protein folding, Christian Anfinsen and
characterized based upon its ability to catalyze the refolding of ribonuclease A, an enzyme with
4-disulfide bridges. The protein-thiol oxidoreductase activity of PDI appears to differ depending
on the redox environment and cellular requirements. PDI catalyzes the formation of disulfide
bonds and isomerizes incorrect disulfides in the nascent polypeptides undergoing folding in the
oxidizing environment of the ER. The bulk of PDI is localized to the ER, consistent with a signal
sequence and an ER retention signal. But PDI has been shown on the plasma membrane as well as
in the cytosol, endosomes and at the plasma membrane, where PDI reduces disulfide bridges of
proteins in as a consequence of the more reducing environments of those locales. Although PDI
was initially characterized as an oxidoreductase, it is now known as a multifunctional participant
in the folding, assembly and post-thanslational modification of many proteins. It displays
chaperone and anti-chaperone activities in vitro and in vivo (Cai et al., 1994; Primm et al., 1996;
Puig and Gilbert, 1994b). In Saccharomyces cerevisiae, PDI is an indispensable protein (Scherens
et al., 1991) and its essential role in this organism is catalyzing disulfide bond formation
(Solovyov et al., 2004; Xiao et al., 2004). PDI is also a subunit of two well characterized ER
enzymes, proly 4 hydroxylase (P4H) (Pihlajaniemi et al., 1987) and microsomal triglyceride
transfer protein (MTP) (Wetterau et al., 1990).
PDI structure
PDI is a member of the thioredoxin superfamily. The multidomain nature of PDI was initially
recognized from an analysis of its amino acid sequence, in which four domains, denoted a, b, b’
and a’ were identified. These four structural domains are followed by a stretch of acidic residues
at the C terminus (designated c) (Edman et al., 1985). The domain boundaries were confirmed
and refined by proteolytic mapping and heterologous expression of individual domains (Darby et
al., 1996) (Fig.3 ). The a and a’ domain are homologous both to each other (47% identity) and to
thioredoxin (27% identity). Each of these domains contains an active site CGHC motif that can be
reduced by mammalian thioredoxin reductase, which further support a close structure relationship
to thioredoxin (Lundstrom and Holmgren, 1990). In isolation, the PDI-a domain behaves as a
folded globular protein in both its dithiol and disulfide forms (Darby and Creighton, 1995b), and
the structure of the disulfide form has been shown by NMR analysis to be very similar to that of
thioredoxin (Kemmink et al., 1996). On the other hand, the PDI-a’ domain is less stable than
expected, as it unfolds at least partly upon formation of its disulfide bond (Darby and Creighton,
1995b). The b and b’ have similar sequences (28% identity), but show no or very low sequence
relatedness to thioredoxin and do not contain symbolic CXXC motif.
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WCGHCK

WCGHCK

a
4

b
115

120

b'
217

219

a'
350
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Fig. 3 The structure of mammalian PDI. Domain boundaries have been determined by a
combination of protein engineering and limited proteolysis studies (Darby et al., 1996) The first
and last residues of each folded structure are indicated. The c domain at the C-terminus
comprises a 24 acidic segment followed by the KDEL sequence for retention in the endoplasmic
reticulum.

Although a high resolution X-ray crystal structure of PDI has not been determined, the NMR
structures of the isolated a and b domains provided the first detailed structural information about
PDI. The a domain of PDI, as expected from its primary structure homology, has a thioredoxin
fold with all the secondary structural elements of thioredoxin and two grooves that are sites of
enzyme-substrate interaction (Kemmink et al., 1996). Surprisingly, NMR studies of the b domain
of PDI indicate that like the a domain, the b domain also has a thioredoxin fold despite the
absence of any CXXC redox active sites or sequence similarity to thioredoxin (Kemmink et al.,
1997) (Fig.4). Sequence homology between the b and b’ and a and a’ imply that PDI consists of
four tandem domains with thioredoxin structure. The c domain has been defined as the region 465
to the C terminus of the PDI polypeptide. This region of PDI may not be an actual domain as
there is no evidence of defined secondary or tertiary structure. However, the c domain is of
considerably interest because of its high content of acidic residues and the presence of the C
terminal KDEL ER retention signal. The C-terminal KDEL motif of the PDI polypeptide is
involved in the ER localization of the enzyme(Pelham, 1990). The acidic residues of the c domain
participate in the extensive calcium binding activity of PDI (Lebeche et al., 1994). Although there
is no structure data on the entire PDI molecule, sedimentation velocity and equilibrium
measurements suggest that PDI is an elongated monomer with an axial ratio of ~ 5, consistent
with nearly linear arrangement of the domains (Solovyov and Gilbert, 2004)
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Fig. 4 Three-dimentional structures of (a) the PDI-a domain and of (b) the PDI-b domain. Both
domains adopt a thioredoxin fold. The two active-site cycteines in PDI-a domain are shown in
spacefilling models. Adapted from ref.(Kemmink et al., 1997)
Peptide binding
The ability to interact with polypeptides and unfolded proteins is the foundation for the activity of
a chaperone and perhaps equally important for the activity of a disulfide isomerase. The most
striking feature of the wild-ranging catalytic activities of PDI is its ability to catalyze steps in
protein folding pathways which involve significant conformational change in the protein
substrate, associated with protein disulfide bond formation or isomerization. Full length PDI is
much more effective than the individual a and a’ domains as a catalyst for such steps in the
folding pathway of bovine panceatic trypsin inhibitor (BPTI) and reduced RNase (Darby et al.,
1998a), although the isolated domains are equally effective as catalysts of simple thiol-disulfide
interchange reaction (Darby and Creighton, 1995b). This suggests that the complex natural
substrates of PDI make extensive contacts with the PDI molecule, which may facilitate transitions
between different conformational states of the protein substrate. Peptide binding studies using
either somatostatin or a 28-residue peptide from the N-terminus of staphylococcal nuclease
indicate that the interaction of peptides with PDI competes with the refolding of reduced,
denatured RNase and scrambled RNase, reduces the efficiency of catalysis of insulin reduction,
inhibits the chaperone function of PDI in the refolding of denatured GAPDH (Klappa et al., 1997;
Morjana and Gilbert, 1991; Quan et al., 1995). This indicates not only that both peptide and
polypeptide binding sites are the same or spatially juxtaposed, but also that they are close enough
to the active site to inhibit the redox activity when occupied by a polypeptide chain.
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PDI interact weekly (Kd>100 µM) with polypeptide (Morjana and Gilbert, 1991). The binding
affinity increases with increasing length of substrate backbone, but for peptides of similar length,
those containing cysteine residues bind 4-8 fold more strongly to PDI (Klappa et al., 1997;
Morjana and Gilbert, 1991). The hydrophobic interaction may determine the efficiency of
binding. Photoaffinity labeling studies with a radioactive tripeptide probe have localized the first
peptide-binding site that begins at the end of a’ and includes most of domain c (Noiva et al.,
1993). Deletion of the extreme C-terminal helix of domain a’ has an inhibitory effect on the
assembly of recombinant proly-4 hydroxylase in insect cells or on the in vitro chaperone activity
or disulfide isomerase activity of PDI (Koivunen et al., 1999). The mutations in the C-terminal
part of the a’ domain can also affect the peptide binding activity of PDI, a function associated
with the b’ domain (Klappa et al., 2000). Using a cross-linking method, Klappa and colleagues
have demonstrated that the b’ domain of provides the principal peptide-binding site of PDI.
Although the b’ domain of human PDI is essential and sufficient for binding small peptides, in
the case of larger peptides, specifically a 28 amino acid fragment derived from bovine pancreatic
typsin inhibitor, or misfolded proteins, such as scrambled RNase, the b’ domain is essential but
not sufficient for efficient binding, contributions from additional domains are required. The b’a’c
construct is the smallest fragment that is able to bind a large misfolded protein as well as small
peptides and the a’ domain contributes more to the binding of full-length PDI than does the a
domain (Klappa et al., 1998a).
Chaperone and anti-chaperone function
Depending on the concentrations of foldase and denatured substrate and the order in which they
are added to initiate folding, PDI can exhibit either a chaperone activity or an anti-chaperone
activity. When it is present at high concentrations relative to unfolded protein substrate, PDI
functions as a chaperone making folding more productive by increasing the folding rate and by
inhibiting aggregation both for denatured protein with no disulfide bonds, such as Dglyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cai et al., 1994) and rhodanese (Song and
Wang, 1995) and disulfide containing proteins, such as lysozyme (Puig and Gilbert, 1994b) and
acidic phospholipase A2 (Yao et al., 1997). Surprisingly, at substoichiometric concentrations,
PDI facilitates the formation of large, insoluble aggregates that contain PDI along with the
unfolded protein and impedes productive folding, a behavior that is called anti-chaperone activity.
The activity is not due to disulfide cross linking since anti-chaperone behavior is observed in the
presence of the reducing agent (DTT) (Puig and Gilbert, 1994b). The peculiarity of antichaperone activity is also shared by another major chaperone of the ER, BiP. In addition, BiP
competes with PDI for a limited number of sites within the mixed lysozyme-chaperone aggregates
(Puig and Gilbert, 1994a). Physiological concentrations of calcium and magnesium have been
shown to specifically increase the apparent rate of PDI-dependent aggregation and shift the
chaperone activity to higher PDI concentration (Primm et al., 1996). The active sites of PDI are
not required for PDI’s anti-chaperone and chaperone activities(Quan et al., 1995) (Puig et al.,
1994). PDI’s anti-chaperone activity could serve as a quality control device by providing an
efficient mechanism to retain misfolded protein in the ER.
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Subunit association
PDI is a multifunctional polypeptide. In addition to its role in catalyzing protein folding within
the ER, PDI serves as the β subunit in the animal proly-4-hydroxylase α2β2 tetramers and αβ
dimers (P4H) (Pihlajaniemi et al., 1987) and in the microsomal triglyceride transfer protein αβ
dimer (MTP) (Wetterau et al., 1991; Wetterau et al., 1990). Proly-4-hydroxylase (P4H) is
important in the post-translational formation of 4-hydroxyproline in collagen in the ER, whereas
the microsomal triglyceride transfer protein is essential for the assembly of apoB-containing
lipoproteins (Kivirikko, 1998; Kivirikko and Myllyharju, 1998). The main function of PDI in both
of these proteins appears to keep their highly insoluble α subunits in a catalytically active,
nonaggregated conformation during either initial folding in the cell or refolding in vitro. This
function is likely to be related to the peptide binding and chaperone functions of PDI and site
direct mutagenesis of the β-subunit/PDI demonstrated that the active site cysteine residues of PDI
were not essential for the assembly and activity of active P4H tetramer or of MTP (Lamberg et
al., 1996; Vuori et al., 1992), although it has been shown that P4H probably contains disulfide
bonds (John and Bulleid, 1994)and undergoes aggregation under reducing conditions even in the
presence of PDI(John et al., 1993). The minimum sequence requirement for the assembly of
active P4H is fulfilled by the PDI domain construct b’a’ but sequential addition of the b and a
domains greatly increase the level of enzyme activity. The a and b domains of PDI, but not b’ and
a’, can in part be substituted by the corresponding domains of Erp57 (Pirneskoski et al., 2001), a
PDI-related polypeptide that forms complexes with both calnexin and calreticulin. Moreover the
a’ domain could not be replaced by the a domain suggesting that both b’ and a’ domains contain
regions critical for P4H assembly. Such critical regions was identified by Koivunen and
colleagues at the C-terminal α helix of domain a’ (residue 452-478 in human PDI) (Koivunen et
al., 1999). In MTP, the C-terminal 30 amino acid residues are essential for interaction with PDI
(Ricci et al., 1995). It is interesting that, in the MTP dimer, only very little PDI activity in
refolding of reduced and denatured RNase can be measured (Wetterau et al., 1990), indicating
that access to reactivity of both active sites is blocked.
Catalysis of disulfide bond formation by members of the thioredoxin superfamily
Oxidative protein folding is catalyzed in vitro by thiol-disulfide oxidoreductases of the
thioredoxin superfamily. This family of thioredoxin-like enzymes includes prokaryotic enzymes,
such as DsbA, DsbC, eukaryotic enzymes, such as Erp72, CABP1, P5, PDI, glutaredoxin, as well
as the prototype of this family, thioredoxin. These enzymes each possess at least one domain that
displays sequence or structure homology to thioredoxin and contain a pair of redox active
cysteine in the motif CXXC. The catalytic mechanism by which the thiol-disulfide
oxidoreductases catalyze the formation or reduction of disulfides has been well characterized
(Holmgren, 1985). The universal catalytic mechanism involves the formation of a mixed disulfide
between the N-terminal active site cysteine and the substrate protein. When the oxidoreductase
catalyzes the oxidation of two substrate cysteinyl sulfhydryls, it becomes reduced. Likewise,
when the oxidoreductase catalyzes the reduction of a disulfide bond, it becomes oxidized. The
redox state of the oxidoreductase can be regenerated by an enzyme, such as thioredoxin reductase,
or a small redox buffer, such as glutathione (Fig. 5). The direction of the reaction catalyzed by the
oxidoreductase is determined by its substrate and product concentrations, redox potential, and the
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redox conditions of the cellular milieu.
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Fig. 5 Enzymatic reaction catalyzed by protein-thiol oxidoreductases. The regeneration of the
oxidoreductase can be accomplished by a small thiol buffer, such as glutathione or another
oxidoreductase.

The redox potential of thioredoxin-like oxidoreductase
Although all thioredoxin-like enzymes have similar active site sequences, they can fulfill very
different redox functions: the active site cysteine residues can be highly oxidizing in the case of
PDI (Hawkins and Freedman, 1991; Lundstrom and Holmgren, 1993; Zapun et al., 1993), and
DsbC (Zapun et al., 1995), or much more reducing in the case of thioredoxin (Aslund et al., 1997;
Krause et al., 1991). The standard redox potential provides an indication of the relative stability
of the dithiol versus the disulfide form of the enzyme. Increasing the redox potential of an
oxidoreductase will thus increase the tendency of the enzyme to transfer its disulfide bond to a
substrate protien. In vivo, enzymes with a relatively high redox potential tend to function as
oxidants, whereas enzymes with relatively low redox potential tend to function as reductants.
Much of the difference in reduction potential can be attributed to factors that stabilize the thiolate
anion of the reduced active site. The active site cysteins have been suggested to form a thiolthiolate hydrogen bond network, which stabilizes the more N-terminal active site thiolate in the
reduced form of the proteins (Foloppe et al., 2001; Jeng et al., 1995; Nordstrand et al., 1999). For
DsbA and thioredoxin, the two intervening residues (X in the sequence CXXC) have a large
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influence on the redox potential. A proline to histidine mutation in the active site of thioredoxin
(CGPC), mimicking the suggested active sites in PDI (CGHC) increases the redox potential of
thioredoxin from -270 mV to -235 mV, and, consequently, increases the catalytic activity of
thioredoxin in disulfide formation about 10 fold (Krause et al., 1991). A similar effect is also
observed for the DsbA. Replacement of the Xaa1-Xaa2 sequence of DsbA by that of thioredoxin
decreases the redox potential by 90 mV making DsbA a 1000 fold better reductant in terms of
equilibrium constants with substrate compounds (Huber-Wunderlich and Glockshuber, 1998).
Conversely, a DsbA-like Xaa1-Xaa2 variant of thioredoxin becomes a 200 fold better oxidant
(Mossner et al., 1998). The two intervening residues of CXXC motif are factors responsible for
the large difference in the redox potential, the redox potential is not solely dictated by the residues
between the active site cysteines, since glutaredoxin-1 and 3 (Grx1 and Grx3) from E.coli show a
35 mV difference in redox potential despite identical active site sequence (CPYC)(Aslund et al.,
1997). Thus other factors, apart from the sequence of the active site, for instance in protein
folding, also have an important influence on the redox potential for members of the thioredoxin
superfamily.
The standard state redox potential for a protein can be calculated using Nernst equation from the
equilibrium constant of the redox reaction involving a reference with know redox potential. The
commonly used method for measuring the stability of a protein disulfide bond is to compare it to
that of GSSG via the equilibrium constant for the reaction

SH
SSG
E SH
+ GSSG ↔ E SH
+ GSH ↔ E SS + 2GSH

Kss =

[ E SS ][GSH ] 2
SH
[ E SH
][GSSG ]

A protein disulfide bond is intramolecular, in contrast to the “intermolecular” disulfide bond of
GSSG, which produces two molecules of GSH when reduced. Therefore, the equilibrium constant
Kss has dimensions of concentration, which can be roughly interpreted as the “effective
concentration” of the two protein sulfur atoms relative to each other in the protein without a
disulfide bond between them. Using this method, the measured values range between 80 µM for
very oxidizing DsbA (-127 mV) (Zapun et al., 1993), 3.1 mM for PDI (-175 mV) (Lundstrom and
Holmgren, 1993) to about 10 M for thioredoxin (-270 mV).
Redox potential of a protein can also be determined by direct protein-protein equilibration
(Lundstrom and Holmgren, 1993). The apparent concentration equilibrium constant KAB, for the
thiol disulfide exchange reaction between protein A and protein B involves only the oxidized
SH
SH
forms ( ASS , BSS ) and reduced forms ( ASH
, BSH
) of the two proteins involved.
K AB
SH
SH
ASH
+ BSS ←
→ ASS + BSH
'
K AB
=

SH
[ ASS ][ BSH
]
SH
S
[ ASH ][ BS ]

'
E A' − E B' = ∆E AB
=

RT
'
InK AB
nF
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'
The difference in redox potential between the two protein, ∆E AB
, can be obtained using Nernst
equation.

pKa values of the reactive site cysteines of thioredoxin-like oxidoreductase
The pKa of the enzymic cysteine reflects the relative stability of the thiol versus thiolate anion
forms of the cysteine side chain. The effects of pKa on catalysis are complex. An isomerization
reaction begins with the nucleophilic attack of a thiolate on a disulfide bond. Thiols of low pKa
are ionized more often, but are intrinsically less nucleophilic. These effects concel to same extent
such that rate constants for thiol-disulfide exchange reactions are maximal when the pKa of the
thiol equals the pH of the solution, which is ~7.0 in the ER (Hwang et al., 1992). The pKa of a
thiol also affects its electrophilicity, which is necessary for regenerating the catalyst. Thiols of
low pKa leave more rapidly from a disulfide. The N terminal cysteines in the CXXC motif of
oxidoreductases of thioredoxin superfamily display pKa values lower than that observed for
typical protein thiols (pKa of 8.7). For instance, the pKa of the reactive cysteine in mammalian
PDI is 6.7 (Hawkins and Freedman, 1991), of thioredoxin is 6.28 (Kallis and Holmgren, 1980).
The reactive cysteine of DsbA has an extremely low pKa of 3.5 (Nelson and Creighton, 1994).
Such an extremely low pKa value of the nucleophilic cysteine stabilizes the reduced state of the
active site making the protein an excellent disulfide bond donor, moreover this low pKa value
ensures that the reactive cysteine of DsbA will be the preferred leaving group from DsbAsubstrate mixed disulfides.

Effect of PDI or its domains on protein folding in vitro
The two thioredoxin-like domains of PDI, PDI-a and PDI-a’ have some, but not all, of the
functional properties of the complete PDI molecule. Both a and a’ domains effectively introduce
disulfide bonds into unfolded model peptides and proteins but less efficient than PDI with folded
substrate molecules. Although the sequence homology between the regions in the PDI-a and PDIa’ domains surrounding the two sites is remarkable, these redox sites are not functionally
equivalent within the intact PDI molecule. Using site-directed mutagenesis, both cysteines of
each of the thioredoxin-like centers, (C35S, C38S) and (C379S, C382S) were replaced by serines.
The activity of mutants in the oxidative refolding of reduced, denatured RNase revealed that both
thioredoxin-like domain contribute some to apparent steady-state binding (Km) and catalysis at
saturating substrate concentration (Kcat). However, their contributions are not the equivalent. At
saturating concentration of RNase, the mutant with an inactivated C-terminal active site retains
near wild type activity, while the N-terminal mutant exhibits a significantly lower Kcat. The Km
for RNase is elevated for the C-terminal mutant while the N-terminal mutant exhibits a wild type
Km. The larger Km for the C-terminal mutant (4.2 times wild-type) and the lower Kcat of Nterminal mutant (32% of wild type) suggest that the C-terminal region contributes more to steadystate substrate binding, and the N-terminal region contributes more to catalysis at saturating
concentration of substrate (Lyles and Gilbert, 1994).
The thioredoxin-like domains a and a’, can catalyze disulfide formation by themselves, but are
unable to catalyze disulfide isomerization. Reconstruction of the PDI molecule from isolated a
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and a’ domains show that the multidomain structure of PDI is required for the maximum
isomerization efficiency (Darby et al., 1998a). The acidic c-region of PDI is not required for
either disulfide isomerase or chaperone activity, as truncation of the enzyme at residue 462 does
not alter either activity (Koivunen et al., 1999). Co-expression of a 21-kDa fragment of PDI
occurs during the expression of recombinant PDI in E.coli. N-terminal sequencing indicates that
the fragment results from alternative translation initiation at the first internal AUG, located at
Met-307. This fragment of PDI (residues 308-491, termed weePDI) comprising 1/3 of the b’
domain along with a’ and c-domain displays the ability to oxidize and isomerize disulfide bonds
on PDI substrates. As isolated, weePDI is a disulfide-linked dimer in which the single cysteine
(Cys-326) outside active site cross-links two weePDI monomers. The presence of intermolecular
disulfide decreases the activity by more than 2 fold (Puig et al., 1997). The role of the b and b’
domains and the functional necessity for the multi-domain structure of PDI has also been assessed
in recombinant multi-domain constructs of PDI. The b’ domain seems crucial for disulfide bond
reduction as the a-b-b’ and the b’-a’-c constructs are the smallest constructs capable of reducing
the BPTI. Similarly, b’-a’-c and a-b-b’ constructs are more effective in rearrangement of mixed
disulfides between glutathione and BPTI. When assessing disulfide isomerase activity, b’-a’-c is
the smallest PDI construct expressing isomerase activity. These results demonstrate the
importance of the b’ domain in many of the redox activities of PDI, and coupled with the kinetic
data, indicate that each domain of PDI contributes differently to the three types of protein-thiol
oxidoreductase activity displayed by PDI (Darby et al., 1998a).

PDI catalyzed disulfide isomerization
Non-covalent interactions within the protein that is undergoing folding specify which disulfides
will form most effectively. When disulfide formation occurs early in folding, before the correct
non-covalent structure is developed, cysteine pairing is most likely to be incorrect. Thus protein
folding is error-prone. For some proteins like BPTI, the specification of cysteine connectivity
occurs early in folding and is directed by the formation of native-like structure that are
interconverted by intramolecular disulfide rearrangements (Goldenberg, 1992). In other cases
such as RNase (Creighton, 1979; Konishi et al., 1982) or hirudin (Chatrenet and Chang, 1992),
disulfides are formed randomly in early folding intermediates. Thus, protein folding is a process
of trial and error. As a catalyst, PDI must deal with different mechanisms for directing disulfide
formation. The cysteine near the N terminal of each active site (CGHC) housed in two, internally
homologous thioredoxin-like domain, is essential for all catalytic activity, both oxidation and
isomerization (Laboissiere et al., 1995; LaMantia and Lennarz, 1993; Walker et al., 1996).
Mutations of the active site cysteine closer to the carboxyl terminus (CGHC) selectively destroy
the ability of PDI to catalyze disulfide formation. However, these mutants still remain a low but
measurable amount of isomerase activity in the presence of glutathione redox buffer (Laboissiere
et al., 1995; Walker et al., 1996).
Formally, the rearrangement of substrate disulfide does not require the net oxidation or reduction
of PDI or the substrate, but a substrate disulfide must be broken to initiate rearrangement. The
first step of isomerization involves a reduced PDI active site attacking a substrate disulfide. After
the initial reaction, two different mechanisms could result in substrate isomerization depending on
how the covalent PDI-substrate intermediate partitions. In the first mechanism, an intromolecular
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rearrangement (Fig.6A) within the substrate may occur when the sulfhydryl of the substrate
cysteine generated by PDI reacts intramolecularly with another substrate disulfide. In this
mechanism, PDI facilitates reactions between the thiols and disulfides of the substrate while the
substrate is covalently bound to PDI. The intramolecular rearrangement concludes when a
substrate disulfide cysteine displaces PDI from the covalent complex, forming another disulfide
in the substrate and regenerating reduced PDI for another round of catalysis. In the second
mechanism, PDI can resolve the covalent intermediate by reducing it (Fig.6B). Cycles of
substrate reduction and reoxidation in a different configuration lead to isomerization, eventually
leading to the native structure. Several lines of evidences suggest that the reduction-oxidation
pathway contributes to the isomerization of scrambled RNase by PDI: 1) Isomerization is
inhibited at high concentration of sRNase, such inhibition can be relieved by addition of oxidized
PDI (Schwaller et al., 2003). For an intramolecular isomerization, there is no role for oxidized
PDI. 2) In the absence of a redox buffer, PDI mutants with only a nucleophilic cysteine (CGHS)
have no isomerise activity. The second active site cysteine is essential for isomerization of
sRNase (Walker et al., 1996), but it plays no role in an intramolecular mechanism. 3) Reduced
PDI is rapidly oxidized when mixed with sRNase before any isomerization occurs suggesting that
substrate is released before native RNase forms (Schwaller et al., 2003). 4) Low levels of covalent
PDI-substrate intermediates are detected with wtPDI, but such intermediates build up with CGHS
mutants (Walker and Gilbert, 1997)indicating that second cysteine limits their accumulation.
While isomerization of sRNase by PDI may proceed through the reduction-oxidation pathway,
other substrates may utilize the intramolecular pathway and even sRNase may utilize it with low
frequency.
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Fig. 6. Mechanisms of PDI-catalyzed disulfide isomerization. In the intramolecular pathway
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reduction/oxidation pathway (B) involves repeated cycle of substrate reduction followed by
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Disulfide bond formation in vivo
Pathways for protein disulfide bond formation in the ER
A disulfide bond is nothing more than a covalent linkage between the sulfur atoms of two
cysteine residues; yet, disulfide bond formation is a crucial step in the folding of many secretory
proteins. Without disulfide bonds, the native conformation and functioning of many proteins are
not obtained. Thus, the mechanisms by which disulfide bonds are formed are of great interest.
Early experiments by Anfinsen and co-workers (Anfinsen et al., 1961) suggested that disulfide
bond formation was simple: the joining of two cysteine residues in proteins required only an
environment in which oxygen or oxidized glutathione was present. However, later studies in
E.coli and Saccharomyces cerevisiae have revealed that this process exhibits extraordinary
complexity and involves an impressive number of oxidoreductases and some small molecules in
electron transfer. Both prokaryotes and eukaryotes possess specialized subcellular compartmentsequipped with enzymes devoted to catalyzing disulfide formation and rearrangement- in which
disulfide bonds are formed
In eukaryotic cells, protein disulfide bond formation proceeds within the lumen of the ER, where
protein oxidation initiates upon the translocation of nascent peptide chain into the ER lumen
(Braakman et al., 1991). A combination of genetic and biochemical studies using yeast
Saccharomyces cerevisiae has made it clear that disulfide formation is driven by a protein relay
involving Ero1p, an essential ER membrane-associated protein and PDI (Frand and Kaiser, 1998;
Frand and Kaiser, 1999; Pollard et al., 1998); Ero1p is oxidized by molecular oxygen and in turn
transfers disulfide bonds directly to Pdi1p. This is supported by the capture of disulfide-linked
complexes between Ero1p and Pdi1p. The isolation of Ero1p-Pdi1p mixed disulfides implicated
Pdi1p as a vital intermediate in the flow of disulfide bonds from Ero1p to secretory proteins.
Consistent with this model, the defect in protein folding observed in cells lacking Pdi1p was
traced to the defect in protein oxidation, indicating that Pdi1p is necessary for the efficient
formation of protein disulfide bonds in the ER. Evidence that the Pdi1p engages directly in thioldisulfide exchange with ER proteins came from the detection of disulfide-linked complexes
between Pdi1p and a newly synthesized secretory protein. These results provide a unified
mechanism for protein oxidation in eukaryotic cells: Oxidizing equivalents flow from Ero1p to
secretory protein via Pdi1p. Recently, a luminal ER oxidoreductase, Erv2p has been implicated as
playing a role in disulfide formation in the ER parallel to that of Ero1p (Gerber et al., 2001;
Sevier et al., 2001). In this pathway, molecular oxygen directly interacts with Erv2p to provide
oxidizing potential for disulfide bond formation (Fig.7). ERO1, but not ERV2, is essential for
yeast growth. Thus, Ero1p apparently constitutes the core pathway for disulfide bond formation in
the ER.

ERO1 and ERV2
Ero1 was first identified in two independent genetic screens: one screened for mutants defective
in the export from the ER of secretory proteins containing disulfide bonds (Frand and Kaiser,
1998) and another one screened for S. cerevisiae strains with diminished oxidative capacity
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(Pollard et al., 1998). Mutations in ERO1 lead to increased sensitivity to the reductant DTT and
the accumulation of secretory proteins that would normally contain intramolecular disulfide
bonds, such as carboxypeptidase Y (CPY) in a reduced form in the ER. A membrane-permeable
thiol oxidant, diamide, can partially substitute for Ero1p function. Moreover, overexpression of
ERO1 increases the oxidative capacity of the cell. These observations indicate that the main role
of Ero1p is generating oxidizing conditions for disulfide formation in the ER lumen. The
subsequent biochemical characterization has shown that Ero1p is an FAD-binding protein that
can oxidize Pdi1p with oxidized FAD in vitro (Tu et al., 2000). The ultimate oxidizing power for
FAD and Ero1p comes from molecular oxygen (Tu and Weissman, 2002), a conclusion supported
by the observation that Ero1p-catalyzed disulfide formation is compromised under anaerobic
conditions, and Ero1p directly consumes molecular oxygen during its reaction cycle.
Furthermore, the ero1-1 mutant is completely inviable under anaerobic conditions at normally
permissive temperatures. Nevertheless, since Ero1p is functional also under anaerobic conditions,
oxygen does not seem to be the only possible electron acceptors involved in oxidative folding.
Ero1p likely uses alternate terminal electron acceptor under anaerobic conditions, though the
identity of these acceptors remains unknown. In humans, there are two ERO1 isoforms, hERO1Lα and hERO1-Lβ (Cabibbo et al., 2000; Pagani et al., 2000), which lack a COOH-terminal tail
of ~127 amino acids required by the yeast protein for membrane association (Pagani et al., 2001).
Consistent with a function in folding in the ER, yeast Ero1p and hERO1-Lβ are induced by the
unfolded protein response (Frand and Kaiser, 1998; Pagani et al., 2000; Pollard et al., 1998). The
expression of hERO1-Lα is stimulated by hypoxia (Gess et al., 2003).
The structure of Ero1p is of particular interest because the Ero1p amino acid sequence does not
align with any other protein of known function (Frand and Kaiser, 1998). The overall fold of
Ero1p is novel and so far has no structural neighbors (Gross et al., 2004). Ero1p is a single
domain protein that is predominantly α helical with five short β sheets and two poorly structured
extended loops (Gross et al., 2004). Ero1p contains 14 cysteines. Seven of the 14 cysteines are
absolutely conserved among six full-length sequence homologues of Ero1p (Frand and Kaiser,
2000). These conserved cysteine residues are at positions 90, 100, 105, 208, 349, 352 and 355 of
yeast Ero1p. Substitution of Cys100 with alanine impedes the capture of Ero1p-Pdip mixed
disulfide complexes from yeast, and also blocks oxidation of Pdi1p in vivo. Cys352 and Cys 355
are required to maintain the fully oxidized redox state of Ero1p (Frand and Kaiser, 2000). The
crystal structure of Ero1p shows that the disulfide pairings are Cys100-Cys105, Cys352-Cys355
and Cys90-Cys349, and that Cys208 is an unpaired thiol form. Cys100-Cys105 disulfide is
positioned on a flexible loop. A slight modification of the protein backbone in this region could
bring Cys105 within disulfide-bonding distance of Cys352. The Cys352-Cys355 is positioned on
a more rigid part of Ero1p, adjacent to the FAD cofactor, which enables Cys352-Cys355 to be
readily reoxidized. Thus, electrons could be transferred from PDI to the Cys100-Cys105
disulfide, then to the Cys352-Cys355 disulfide and then to FAD (Gross et al., 2004).
Ero1p is not the only protein responsible for the disulfide formation in the yeast ER, since
disulfide bonds could be formed in cells deficient in functional Ero1p. ERV2 was then identified
as a gene that, when overexpressed, suppresses the temperature sensitivity of an ero1-1 mutant
and can oxidize proteins directly in vitro(Gerber et al., 2001; Sevier et al., 2001). Erv2p is a
member of the ERV/ALR family (Gerber et al., 2001; Sevier et al., 2001; Thorpe et al., 2002). Its
members share domains of ~100 amino acids, with 30% identity, that contain a CXXC motif.
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ERV/ALR proteins have been found in a number of subcellular compartments, including the ER
(Sevier et al., 2001), mitochondrial (Lange et al., 2001), cytoplasm (Senkevich et al., 2000) and
extracellular space (Hoober et al., 1999). A combination of genetic and biochemical
characterization of Erv2p showed that it is also a membrane-associated flavoprotein that uses
molecular oxygen as a source of oxidizing equivalents for Pdi1p, independently of Ero1p.
However, unlike Ero1p, which can function both aerobically and anaerobically, Erv2p functions
only when cells were grown aerobically (Sevier et al., 2001). In addition, deletion of ERV2 has
only a modest effect on cell growth (Sevier et al., 2001; Tu and Weissman, 2002), suggesting that
the physiological role of Erv2p as a sulfhydryl oxidase is limited to a subset of nonessential
proteins.
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Fig. 7. Model of protein disulfide bond formation in the ER under aerobic conditions. The
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PDI and PDI homologues in the yeast ER
PDI is an essential protein in yeast. Deletion of the PDI1 gene is lethal (Farquhar et al., 1991).
PDI plays an extensive and critical role as an oxidase in vivo (Frand and Kaiser, 1999; Solovyov
et al., 2004; Xiao et al., 2004). This notion can be drawn from several lines of evidence: 1. A
mutant of PDI with no active site cysteines does not rescue the PDI-deficient cells (LaMantia and
Lennarz, 1993). 2.Carboxypeptidase Y (CPY), a secretory marker protein, remains fully reduced
when synthesized in the absence of PDI(Frand and Kaiser, 1999). 3. Mutations in the internal
residues of the active sites of PDI that are likely to lower the redox potential of PDI, render cells
hypersensitive to the reductant DTT (Holst et al., 1997). This phenotype may stem from the
deficiency in oxidase activity in vivo. 4. Although PDI-deficient cells can be rescued by
overexpression of CGHS-CGHS PDI, this strain grows slowly and is hypersensitive to DTT,
suggesting that growth of pdi∆ cells requires a redox-active CXXC motif (Holst et al., 1997). 5.
PDI is found predominantly in the oxidized form in the yeast ER than in the reduced form (Frand
and Kaiser, 1999; Xiao et al., 2004). It is clear that like Ero1p the oxidareductase activity of PDI
is imperative for optimal growth and secretion. Although the most critical function of PDI is to
support oxidation, it is also capable of catalyzing disulfide isomerization in vivo, a conclusion
supported by the observation that CPY maturation proceeds at normal rate in the presence of
Pdi1p, but is almost arrested when Pdi1p is replaced by a mutant devoid of isomerase activity.
Consistent with its function as a disulfide isomerase in vivo, about 33% of Pdip is also found in
reduced form in the yeast ER, which is the form required for isomerization (Xiao et al., 2004).
In most organisms, a number of genes encoding PDI-like protein are found. In the Saccharomyces
cerevisiae, the complete genome sequence shows that the number of putative PDIs is limited to
five, of which the PDI1 gene is the only essential gene (Farquhar et al., 1991). The four other
nonessential genes with homology to PDI1 are MPD1, MPD2, EUG1 and EPS1 (Fig.8)
Eug1p shows overall sequence identity to Pdi1p and contains two thioredoxin-like domain
(Figure 6), unlike all known PDIs, the Eug1p contains two active sites with the sequences CLHS
and CIHS (Tachibana and Stevens, 1992). Thus, the active sites of Eug1p are not able to form an
intramolecular disulfide bond. Therefore, Eug1p alone is unable to carry oxidizing equivalents.
Mpd1p and Mpd2p encode proteins only containing one thioredoxin-like domain. Apart from
thioredoxin domain, they share no further sequence homology to any proteins of known function.
Eps1p is a novel PDI-like protein. It possesses a single thioredoxin-like domain and localized to
the ER membrane. The function of Eps1p is proposed to be involved in ER quality control (Wang
and Chang, 1999). The four nonessential PDI1 homologues have been shown to be multicopy
suppressor of a pdi1 deletion (Tachibana and Stevens, 1992; Tachikawa et al., 1995; Wang and
Chang, 1999). Thus, these proteins, in principle, have the ability to carry out the minimum Pdi1p
function necessary for cell viability, but they are either present in too low amount and/or do not
have the necessary catalytic potency when produced at normal levels. By systematic disruption of
several pdi1 homologues in the same cell, MPD1p stands out as being the only PDI homologue
that, on its own, is able to carry out all essential functions of Pdi1p. The ability of Mpd2p, Eug1p
and Eps1p to restore viability to a pdi1-deleted strain when overexpressed is dependent on the
presence of low endogenous level of one or more of the other homologue (Norgaard et al., 2001).
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Thus homologues are not functionally interchangeable. Of the four nonessential Pdi1p
homologues, Mpd2p is the only homologue able to form intermolecular disulfide bond with
Ero1p (Frand and Kaiser, 1999). The inability of Erop1 to interact with several PDI homologues
suggests that it can discriminate between PDI and its homologues. Such discrimination could
allow different PDI-related proteins to function as dedicated disulfide isomerases or reductases,
which require cysteine residues in the reduced form. Recent finding that one or more of PDI
homologues could support the normal rate of CPY maturation in yeast strain deficient of Pdi1p
isomerase activity, support this idea (Xiao et al., 2004).
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Fig. 8. Homologues of PDI in the yeast ER. Boxes indicate the position and extent of
thioredoxin-like domains. Active sites are also shown. The transmembrane domain of Eps1p is
marked TMD.
Mammalian homologues of PDI
In mammalian cells, PDI homologues including ERp52, Erp72, Erp28, PDIp, P5, CaBP1 and
PDIR are believed to be involved in multiple aspects of ER protein maturation. Most of these
proteins have both enzymatic and chaperone functions. Most have been shown to catalyze the
reduction of disulfide bonds in vitro and/or in vivo and to be able to complement aPDI-deficient
yeast strain. Differences between these proteins could lie in their different tissue distributions
(Iida et al., 1996), expression levels, substrate ranges and model of regulation (Klappa et al.,
1998b; Lewis et al., 1985).
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The role of glutathione in the ER Lumen
The reduced and the oxidized forms of glutathione exist in both the cytosol and lumen of
secretory organelles in eukaryotic cells (Hwang et al., 1992). The cytosolic glutathione provides
reducing equivalents for the reduction of protein disulfides and also participates in the
neutralization of free radical and detoxification of xenobiotics (Meister, 1988). The ratio of GSH
to GSSG in the cytosol ranges from 30:1 to 100:1 and makes the cytosol a very reducing milieu
where disulfide bond formation is generally restricted. The reducing redox state of the cytosol is
maintained by the NADPH-dependent reduction of GSSG, catalyzed by glutathione reductase
(Muller, 1996).
Glutathione is also the major small-molecule redox buffer in the ER. Using a cysteine containing
tetra-peptide (NYTC) with an N-linked glycosylation site, Lodish and colleagues have shown that
the glycosylated peptides from cells were disulfide-linked to glutathione, indicating that
glutathione is the major redox buffer in the secretory pathway. From independent measurements
of the thiol/disulfide redox potential of the peptide, the GSH/GSSG ratio was estimated to be 1:1
to 3:1 (Hwang et al., 1992). Because the relative abundance of GSSG in the ER and the
observation that glutathione redox buffer of similar composition to the redox buffer present in the
ER provided optimal rates for oxidative folding of protein in vitro (Lyles and Gilbert, 1991), it
has long been assumed that GSSG serves as the primary source of oxidizing equivalents driving
disulfide bond formation in vivo, as it does in vitro. Accordingly, disulfide bonds in newly
synthesized proteins could be thought to form through thiol-disulfide exchange reaction with
GSSG or with an oxidase dependent on the GSSG as a source of oxidizing equivalents (Bader et
al., 1999).
The role of glutathione in the oxidative folding of secretory protein in ER has been reexamined
using a yeast devoid of intracellular glutathione owing to the disruption of GSH1, the gene
encoding γ-glutamylcysteine synthetase that catalyzes the first and rate-limiting step in
glutathione synthesis (Ohtake and Yabuuchi, 1991). Strikingly, in contrast to the expectation that
GSSG is the main source for the oxidizing equivalent in the yeast ER, the oxidative folding of
CPY, a vacuolar enzyme with five native disulfide bonds, proceeds with normal kinetics in cells
lacking glutathione. Thus, the GSSG is entirely dispensable (Frand and Kaiser, 1998). These
findings raise the question of what, if any, role glutathione has in protein disulfide bond
formation. It is not known why glutathione in the ER is relatively more oxidized than it is in the
cytosol, although mechanisms for selective transport of oxidizing glutathione across the ER
membrane (Hwang et al., 1992) or for enzymatic production of GSSG within the ER have been
proposed (Hoober et al., 1996). In quest for the role of glutathione, Cuzzo and Kaiser have found
that the rate of GSSG formation correlates with the activity of Ero1p: the regeneration rate of
GSSG after DTT treatment is slower in an ero1-1 mutant strain than in wild-type cells, and is
faster in cells overexpressing Ero1 from a multicopy plasmid. This indicates that Ero1 is the main
source of oxidizing equivalents for glutathione (Cuozzo and Kaiser, 1999). Furthermore,
disruption of GSH1 actually restores protein oxidation in the conditional ero1-1 mutant,
indicating that GSH normally produces a load on the protein oxidation pathway (Cuozzo and
Kaiser, 1999). Over time, a gradual production of GSSG, resulting from GSH-mediated reduction
of disulfides in PDI and folding proteins, is observed in vitro (Tu et al., 2000). Thus, the
GSH/GSGG redox buffer in the ER is likely to represent a steady state of Ero1p-mediated
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oxidative and glutathione-mediated reductive process. Together, these results show that
glutathione competes with protein thiols for the oxidizing machinery and,
therefore, indicates that glutathione serves as a net reductant in the secretory pathway as it does in
the cytosol. The reducing equivalents contributed by the cellular glutathione can buffer the ER
against transient hyperoxidizing condition, since oxidative protein folding in gsh1∆ cells is
hypersensitive to the treatment of cells with an exogenous oxidant (Cuozzo and Kaiser, 1999).
In mammalian cells, the cytosolic GSH has been shown to influence the redox states of PDI and
Ero1α and limit Ero1-dependent oxidation in the ER. Interestingly, overexpression of Ero1α
increases intracellular content of GSH, indicating the existence of intercompartment
compensatory pathways that maintain proper redox homeostasis (Molteni et al., 2004).

Pathways of disulfide bond formation and isomerization in prokaryotic cells
In prokaryotic cells, the protein disulfide bond formation is catalyzed exclusively in
extracytoplasmic environment, the periplasmic space. Two enzymes drive disulfide bond
formation in peripasmic protein: the thioredoxin-like thiol-disulfide oxidoreductase DsbA and
cytoplasmic membrane protein DsbB (Missiakas and Raina, 1997) (Debarbieux and Beckwith,
1999). DsbA is a small protein of thioredoxin superfamily. The active form of DsbA has two
cysteines joined in a disulfide bond. The process of disulfide bond formation begins with a
disulfide exchange between the oxidized form of DsbA and reduced cysteine residues of substrate
protein. This exchange results in the passage of two electrons to DsbA, which is now in the
reduced form and must be reoxidized in order to restore its activity. The oxidation of DsbA is
performed by DsbB. DsbB is a cytoplasmic membrane protein with four transmembrane segments
and two periplasmic loops each containing a pair of essential cysteine residues (Raina and
Missiakas, 1997; Rietsch and Beckwith, 1998). The reoxidation of DsbB is dependent on the
presence of either cytochrome and of either a menaquinone or ubiquinone electrone acceptor
(Bader et al., 1999). Disulfide-linked heterodimers between DsbA and DsbB has been captured
indicating that oxidative protein folding proceeds entirely through the protein-to-protein transfer
of oxidizing equivalents via thiol-disulfide exchange. A small molecule intermediate such as
glutathione is not needed.
In the bacterial periplasm, the isomerization of non-native disulfide bonds proceeds through a
separate pathway analogous to DsbA-DsbB system. Two components of this pathway are the
periplasmic oxidoreductase DsbC and the cytoplasmic membrane protein DcbD. DsbC serves as a
catalyst for disulfide reshuffling, isomerization activity of DsbC (Darby et al., 1998b; Rietsch et
al., 1996) requires the protein in its dithiol form. In a striking parallel to DsbA-DsbB system,
DsbC is dependent on the cytoplasmic membrane protein DsbD for a net influx of reducing
equivalents (Katzen and Beckwith, 2000). In DsbD mutants, oxidized DsbC accumulates (Raina
and Missiakas, 1997; Rietsch and Beckwith, 1998). DsbD is a complex protein containing nine
potential transmembrane segments, a thioredoxin-like domain at its carboxyl terminus and a
number of cysteine residues. In contrast to DsbA-DsbB pathway, which uses intramembranous
electron transfer components, DsbD is involved in electron transfer with cytoplasmic proteins.
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The cytoplasmic thioredoxin pathway passes electrons to DsbD to maintain the latter’s DsbC
reducing activity (Rietsch et al., 1997).
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Fig.8. Pathways for protein disulfide bond formation and isomerization in the E.coli
periplasm under aerobic growth conditions. Disulfide formation in proteins undergoing folding
is supported by DsbA-DsbB system, where electrons flow from DsbA to DsbB and then to
molecular oxygen via ubiquinone (Q) and cytochromes. Disulfide bond isomerization is catalyzed
by the oxidoreductase DsbC. Electrons flow from cytoplasmic thioredoxin to DsbC via the
cytoplasmic membrane protein DsbD.
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THE PRESENT INVESTIGATION
Intentions
-To clarify the relationship between the domain structure of PDI, the isomerase activity, and the
ability to rescue the lethal deletion of PDI in yeast (I)
-To determine the essential function of PDI in Saccharomyces cerevisiae (II)
-To understand the contributions of the catalytic activities of PDI and its homologues to oxidative
protein folding in the yeast ER (III)
-To investigate the different mechanisms by which Grx1 and PDI catalyze the disulfide bond
oxido-reduction reactions (IV)
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Results and discussion
Multidomain structure of PDI is essential for substrate binding and for high isomerase
activity (I).
PDI consists of four tandem domains with thioredoxin structure, two with redox active sites (a
and a’), and two with no redox activity (b and b’). To understand the relationship between
individual domains and their contributions to the high isomerase active displayed by full-length
PDI, individual catalytic domains of rat PDI (a and a’) and various domain combinations were
constructed using a systematic genetic engineering approach. Each of the proteins could be
isolated in a soluble and sufficiently pure form to characterize their catalytic properties.
The activity of two thioredoxin-like domains, a and a’ with RNase refolding is low, but it is real
and measurable over background isomerization (4.2% of activity of PDI for a and 3% of activity
of PDI for a’). All of the new PDI constructs with one or two domains have less than 10% of the
activity of the wild type PDI similar to the thioredoxin mutant P34HTrx. However b’a’c can be
singled out as the only construct with significant isomerase activity. The isomerase activity of the
b’a’c fragment is about 38% of that of full-length PDI. Surprisingly, deletion of c from b’a’c
construct destroys isomerase activity. The b’a’ and ab’a’ have much lower isomerase activity
than that of b’a’c (8.7% and 5.3%, respectively), since the c domain in wtPDI has been reported
to contribute insignificantly to the isomerase activity of full-length PDI. Apparently, at least for
RNase as a substrate, the acidic c region contributes substantially to substrate interactions in
truncated PDI variants. The b’ domain has been shown to contain the major peptide binding site;
however, other domains may contribute to the binding of large unfolded protein substrate such as
BPTI and RNase. Our data suggest that the b’ domain by itself provides insufficient substrate
interactions to support high isomerase activity since the constructs b’a’ and ab’a’ have low
activity. It is clear that the ability of various PDI domains to contribute to high isomerase activity
is a function of context rather than the property of any individual domain.

Expression of single catalytic domains of ratPDI complement pdi1∆ yeast (I)
Despite a very low isomerase activity in oxidative refolding of reduced RNase, the a and a´
domain of ratPDI complement the PDI null yeast with only a slightly reduced growth rate
compared with the full-length ratPDI; however the b and b’ domains with no redox activity,
failed to rescue the pdi1∆ yeast. Wt ratPDI, PDIa and PDIa’ are expressed under the control of a
galactose dependent promoter (GAL 1-10) that can be repressed with increasing concentrations of
glucose. It is unlikely that the amounts of PDIa and PDIa’ that are expressed greatly exceed the
amount of full-length ratPDI because the concentration of glucose that is required to inhibit cell
growth is almost identical for wt PDI and the PDIa and PDIa’ . Thus, the PDIa and PDIa’ domain
with only 3-4% of the isomerase activity of wtPDI can provide the essential functions of PDI
required for the growth of yeast. The requirement for high ER concentration of PDI is likely to be
related to the capacity of the oxidative pathway where electrons are passed from substrate protein
thiols via PDI to the protein Ero1p (Frand et al., 2000). Both PDIa and PDIa’ are as active as
wtPDI in incorporating a disulfide bond into a model peptide corresponding to a natural disulfide
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in BPTI (Darby and Creighton, 1995a), implying that PDIa and PDIa’ could fulfill the substrate
oxidase requirements in the ER. Thus, most of the PDI structure is dispensable for its essential
function in yeast and high level of isomerase activity appears not required for viability or rapid
growth.

Sulfhydryl oxidation is the essential function of PDI, but PDI homologues contribute both
the oxidase and isomerase activities to the oxidative protein folding the yeast ER (II, III)
In yeast, the gene for PDI, PDI1, is essential for viability. Catalysis of thiol-disulfide exchange is
the required function of PDI in yeast. Although catalysis of thiol-disulfide exchange is essential,
there has been some uncertainty about whether the oxidase or the isomerase activity of PDI (or
both) represents the essential in vivo function of PDI.
A single catalytic domain of yeastPDI (a’) has about 50% of the oxidase activity of wt PDI in
vitro, but only 3-5% of the isomerase activity. The ratio of oxidase to isomerase activity is greater
than 10:1, which is a much more effective separation of activities than has previous been
available. Using the large separation of activities afforded by a’ domain in combination with the
inducible/repressible GAL1-10 promoter to titrate the levels of oxidase and isomerase activities
that are required for wild type growth and viability of yeast, our data show that the amount of
oxidase activity of PDI needs to sustain a wild type growth and viability of yeast is 50% or more
of amount normally expressed from the PDI1 chromosomal location. However the minimum
amount of isomerase activity needed to maintain normal growth and viability is approximately
5% of that normally available from wild-type PDI. Clearly, the oxidase activity of PDI is what
limits growth and viability. The observation that expression of isomerase-deficient yeast PDIa’
supports near wild-type growth of yeast strain in which all PDI homologues are absent, further
confirms that the oxidase activity is the essential function of PDI in vivo.
Although the principle function of PDI is to support oxidation, PDI also displays isomerase
activity in the yeast ER. CPY maturation requires disulfide isomerization in vitro, and the
maturation of this nonessential yeast vacuolar protein provides a convenient assay of ER
oxidative folding. In strains missing other ER homologues of PDI and expressing the isomerasedeficient yeast PDIa’, CPY maturation is almost arrested. In this homologue-deficient strain,
replacing yeast PDIa’ with wild-type PDI restores oxidative folding of CPY to normal. Using a
more sensitive gel-shift assay to detect reduced PDI active sites, we found that PDI exists in both
oxidation states (32% of PDI active sites are reduced), consistent with its ability to catalyze both
oxidation and isomerization.
There are four PDI homologues in the yeast ER (MPD1, MPD2, EUG1 and EPS1). Their
contributions to the oxidative folding in the ER were further investigated in paper III. One of the
PDI homologues, Mpd2p, becomes essential when ratPDI is introduced to complement pdi1∆
yeast. ER oxidation is compromised in strains complemented by ratPDI, a conclusion supported
by the observations that ratPDI is almost completely reduced in the ER. Strains complemented by
rat PDI expressed from PDI1 promoter show slow growth rate, increased DTT sensitivity and
compromised CPY maturation. The dependence of ratPDI on Mpd2p to complement the pdi1 null
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yeast suggests that Mpd2p may provide additional oxidase activity to support viability when the
ER oxidation is compromised.

Grx and PDI catalyze disulfide bond oxido-reduction reactions by different mechanism (IV)
Grx1 has been shown to display synergistic activity together with PDI during the early stages of
oxidative refolding of rRNase (Lundstrom-Ljung and Holmgren, 1995). The synergistic effect
displayed by Grx with PDI has been explained showing that Grx1 facilitates PDI action by
catalyzing formation or reduction of mixed disulfides, which are then rapidly converted into
intramolecular disulfide in the presence of PDI (Ruoppolo et al., 1997). To clarify the ability of
Grx to catalyze disulfide bond formation, we have established a system involving a dekameric
peptide as substrate and analysis of reaction species by the reverse-phase HPLC. Grx has redox
potential as low as -240 mV. It is surprising to find that Grx introduces disulfide bond into
reduced model peptide at a much higher rate than PDI, which has been considered the most active
catalyst of disulfide bond formation in the thioredoxin superfamily. The high oxidase activity of
Grx1 appeared exclusively in the presence of glutathione redox buffer since the synergistic effects
of Grx1 together with PDI in refolding of RNase appear exclusively in the presence of glutathione
buffer. The Grx1C14S with only one cysteine at the active site displayed a similar high rate as
wtGrx1. In contrast, PDI domain mutants with only one active-site cysteine lost the ability to
introduce the disulfide bond into reduced model peptide. Thus, Grx1 and PDI catalyze disulfide
bond formation by different mechanisms. The pathway for Grx1-catalyzed disulfide bond
formation is showed in the equation 1:
SH
SH
SH
S − SG
E SH
+ GSSG + PSH
↔ PSH
+ E SH
+ GSH
S − SG
SH
SH
↔ PSH
+ E SH
+ GSH ↔ PSS + E SH
+ 2GSH

This pathway requires the involvement of glutathione, and a mixed disulfide with glutathione
serves as an obligatory intermediate. Only one active-site cysteine is formally required. PDIcatalyzed disulfide formation follows the equation 2:
SH
S − SH
SH
E SS + PSH
↔ E SH
PSH ↔ E SH
+ PSS

The disulfide bond is transferred directly from the catalyst to the protein substrate; both active site
cysteines of PDI are required for the oxidative activity. The unique feature that Grx1 brings to the
thioredoxin family is its specific interaction with glutathione. Grx1 is a good oxidant because of
high reactivity of Grx1-glutaredoxin mixed disulfide. The mixed disulfide bond between Grx1
and glutathione is quite reactive-at least five-fold more reactive than the disulfide of PDI and
2500 fold more reactive that GSSG. The high reactivity of the disulfide of Grx1-SG may be due
to the abnormally low pKa of the N-terminal Cys residue in Grx1 and resulting ability to server as
a good leaving group when attacked by a protein thiol.
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CONCLUSIONS
The multidomain structure of PDI is required for its high isomerase activity. Most of the PDI
structure is dispensable for its essential function in yeast and high-level isomerase activity is not
required for viability or rapid growth.
Sulfhydryl oxidation, not disulfide isomerization, is the essential function of PDI in yeast.
PDI and its ER homologues contribute both the oxidase and isomerase activities to support the
normal oxidative protein folding in the yeast ER.
Grx1 and PDI catalyze disulfide bond oxido-reduction by fundamentally different mechanismsGrx1 by providing a reactive glutathione mixed disulfide to supplement its oxidase activity and
PDI by utilizing its multi-domain structure to supplement its reductase activity.
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