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A key step in protein folding is the formation of disulfide Two years later Anfinsen and co-workers discovered the first
bonds between cysteine residues. Disulfide bonds frequentlyof these catalysts, protein disulfide isomerase (PM)the
play an essential structural role within proteins, stabilizing eukaryotic endoplasmic reticulun8)( In eukaryotes and
their tertiary structures. These stabilizing forces are so prokaryotes, disulfide bond oxidation, reduction, and isomer-
important that simple reduction of disulfides can lead to ization are catalyzed processes, facilitated by members of
protein unfolding. In organisms ranging froEscherichia the thioredoxin superfamily.
coli to humans, disulfide bond formation is particularly The focus of this article is disulfide isomerases, proteins
important for the proper folding of secreted proteins, that catalyze the rearrangement of disulfide bonds. As the
including bacterial virulence factors and mammalian secretednumber of cysteine residues in a protein increases, the
glycoproteins ). number of possible disulfide pairings increases rapidly and

In 1961, Anfinsen and co-workers performed a classic the need for a catalyst of disulfide isomerization also grows.
experiment that demonstrated that oxidizing conditions are Yet although they perform a vital cellular function, disulfide
sufficient to correctly refold reduced and denatured RNaseA isomerases are less characterized than many thioredoxin-like
(2). This experiment was the first to show that a protein could proteins. This is largely due to the complexity of the
fold into its correct tertiary structure with only the informa- eukaryotic enzyme protein disulfide isomerase (PDI), which
tion provided in its amino acid sequence. Anfinsen and has a multisubunit structure and numerous enzymatic func-
colleagues were also the first to note a potential caveat totions. The recent discovery of prokaryotic disulfide isomer-
their discovery. Although correct formation of RNase A’s ases allows the study of a less complicated system of
four disulfide bonds could occur spontaneously, there was disulfide isomerization in an organism with abundant genetic
an obvious discrepancy between the rate of refolding in vitro and biochemical tools. Despite large gains in knowledge,
(hours-days) and in vivo (seconesninutes), suggesting the  crucial questions remain unanswered. We begin with some
presence of an in vivo catalyst for disulfide bond formation. fundamental information about disulfide bond formation that

will allow in depth examination of the prokaryotic system
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prokaryotic or eukaryotic organisms. Instead, disulfide bonds
are usually found in proteins destined for locations outside
of the cytoplasm. In eukaryotes, the majority of disulfide

outer membrane

bond-containing proteins are secreted, the bonds formed in oxidized coduced
the endoplasmic reticulum. In prokaryotes, these proteins are substrate o Susrte
secreted or periplasmic, the disulfides formed within the v S
periplasm. >_< §

There are several explanations for this observation. First, -
a number of cytoplasmic enzymes, such as ribonuclease SH SH s-s
reductase and methionine sulfoxide reductase, rely on a
reduced cysteine residue in their active s#fe The presence periplasm s >“§SH H 0,
of oxidized disulfides in the cytoplasm could lead to oxida- inner membrane DsbB . )
tion and inactivation of these enzymes. Second, a partially ";;‘:n‘
unfolded conformation is required for the translocation of \ijg
many proteins across membran&s Cytoplasmic disulfide cvioplasm Anaeroblc
bond formation could hinder secretion of essential proteins. Jcowoion

Finally, a number of prokaryotic virulence factors and toxins Ficure 1: Disulfide bond formation is catalyzed by the periplasmic
contain multiple disulfide bonds6¢-8). One can imagine  DsbA—-DshB pathway. DsbA interacts with a folding protein
that a system preventing their premature activity within the containing reduced cysteines, oxidizing them to form disulfide

. P bonds. In this process, DsbA is reduced and must donate its
cytoplasm would benefit the cell. Thus, disulfide bond electrons to the inner membrane protein DsbB in order to be

formation rarely occurs in the cytoplasm, even in a protein reoxidized. Under aerobic conditions, DsbB donates electrons to
that will eventually contain disulfide bonds. One exciting ubiquinone, which passes them to cytochrome oxidases and finally

exception is work by Beckwith and others that manipulates to molecular oxygen. Under anaerobic conditions, DsbB donates
cytoplasmic expression of redox-active proteins, allowing its electrons to menaquinone, which donates them to anaerobic
disulfide bond formation to occur in the cytoplas@ 10). electron acceptors.

To ensure that disulfide bonds formation only occurs
in the specialized locations where it is productive, both
eukaryotic and prokaryotic organisms have evolved impedi-
ments to disulfide bond formation in the cytoplasm. One
important barrier is the extremely reducing environment of
the cytoplasm, illustrated by the cytoplasmic ratio of reduced:
oxidized glutathione of about 200:1 in prokaryot&$)( This )

outer membrane

environment, maintained by the thioredoxin/thioredoxin
reductase, glutathione/glutathione reductase, and gluta-

redoxin/glutaredoxin reductase systems, helps ensure tha " e e

cytoplasmic cysteine residues are kept in a reduced 4i3te ( risoxidined [

A second likely influence is that enzymes promoting disulfide substrate U ss SHSH periplasm

bond formation are largely absent in the cytoplasm but - @amr

abundant in the periplasm and endoplasmic reticulum. m cytoplasm
The DsbA-DsbB Pathway Generates de doDisulfides —— e

in Prokaryotes.In the E. coli periplasm, disulfide bond r\NADPH

formation and disulfide bond isomerization are catalyzed by
two separate pathways (Figures 1 and 2). The DsbabB FIGURE 2. The DshG-DshD pathway catalyzes disulfide isomer-

pathway oxidizes thiol groups to form disulfides de novo, ization in the periplasm. DsbC interacts with substrate proteins that
while the DsbG-DsbD pathway isomerizes mismatched contain non-native disulfide bonds, allowing these disulfide bonds
disulfides. The oxidative DsbADsbB pathway was discov- to rearrange to their native pairings. DsbC requires the action of

. . .., _DsbD in order to remain reduced in the highly oxidizing environ-
ered about 10 years ago, when it was shown that disulfide ment of the periplasm. The ultimate source of DsbD’s reducing

bond formation requires the presence of a previously potential is cytoplasmic NADPH, which transfers electrons to
unknown gene, thus namedsbA (13). The numerous thioredoxin, the cytoplasmic protein that directly reduces DsbhD.
phenotypes associated widlebAor dsbBnull mutants reflect
the variety of proteins that require disulfide bonds for proper DsbA must have an oxidized active site in order to transfer
function. These include proteins required for flagella-driven disulfides to newly synthesized proteins (Figure 1). The
motility, resistance to benzylpenicillin, and transformation reactivity of DsbA'’s active site is largely achieved by the
with DNA (14, 15). Virulence factors, such as enterotoxins CXXC motif's N-terminal cysteine, which has a remarkably
| and Il, often have multiple disulfides artsb mutants can low pK, of 3 (the normal K, of cysteine residues is 917).
show attenuated virulencé, (7). This extremely low [, causes the thiolate anion to
In the oxidative pathway, DsbA directly interacts with predominate at physiologic pH. Since this thiolate anion is
substrate proteins and oxidizes them. DsbA is a 21 kDa stabilized by an adjacent histidine only in reduced DsbA,
periplasmic protein. Like other members of the thioredoxin reduced DsbA is much more stable than oxidized DsbA.
superfamily, including disulfide isomerases, DsbA contains  The physiologic result of this unusuaKpis that DsbA is
the thiredoxin fold as well as two active site cysteines extremely unstable in oxidized form and is, in fact, the most
residues in a CXXC motif(6). Unlike disulfide isomerases, oxidizing protein known 17, 18). Oxidized DsbA reacts
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quickly with newly synthesized substrate proteins to form E. coli periplasm. What allows proteins with multiple
mixed disulfides, then releases substrates in oxidized form. disulfides to fold correctly in vivo?
In this way, DsbA returns to its more stable, reduced state The initial step in answering this question occurred with
while creating de novo disulfide bonds in substrate proteins. the discovery of DsbC in 1994. Two groups separately
DsbB’s role in the DsbA-DsbB pathway is to reoxidize isolated thedsbCgene through distinct genetic approaches.
DsbA, allowing DsbA to regain activity. Using a screen that had previously yieldeddsbAanddsbB
DsbB is an inner membrane protein that contains two pairs genes, Missiakas and co-workers identif@gsbCby screen-
of essential cysteines residues, one of which is located in aing for E. coli mutants that are hypersensitive to the reductant
CXXC motif. Although the crystal structure has not been dithiolthreitol (DTT) (24). This method yielded mutations
solved, DsbB’s only predicted similarity to thioredoxin is in dsbC,as well as two other dsb genetsbD and dshG
this CXXC motif—it is very unlikely to be a member of the  (DsbD and DsbG will be discussed in more detail later). A
thioredoxin superfamily. When first discovered, null muta- second approach screened Emwinia chrysanthemgenes
tions in thedsbBgene showed a pleiotropic phenotype almost that complemented thE. coli dsbAgene when expressed
identical to that ofdsbA" strains, suggesting that DsbA and on multicopy plasmids25). This group discovered both the
DsbB are part of the same pathwayl). This was confirmed E. chrysanthemi dsbgene and a second gerdsbG that
by demonstrating that reduced DsbA accumulatesdatB when overexpressed could complement all the phenotypic
null strain, while oxidized DsbA is found in wild-type strains, changes associated withdabAnull mutation ¢5).
indicating that DsbB is required for formation of catalytically These two early papers immediately identified DsbC as a
active, oxidized DsbAX9). periplasmic protein with thiol-disulfide oxidoreductase activ-
DsbB becomes reduced after it has reoxidized DsbA. To ity both in vivo and in vitro 24, 25. Although DsbC is most
function catalytically, DsbB must therefore be reoxidized. similarto DsbG, it is also clearly a member of the thioredoxin
As soon as DsbB was discovered to be an inner membranefamily whose members include DsbA, PDI, and thioredoxin.
protein, Bardwell and co-workers proposed that the electron However, the precise role of DsbC was debated: although
transport chain might be involved in reoxidizing DshB) the possibility that DsbC might, like PDI, function as an
In support of this hypothesis, mutants defective in quinone isomerase, was immediately recognized, Missiakas and
or heme biosynthesis accumulate DsbA in reduced f@@n (  colleagues also proposed that DsbC acts as a second oxidase
Bader and co-workers determined the precise pathway ofin the E. coli periplasm.
oxidative protein folding through a series of in vitro DsbC Can Function as a Disulfide Isomerase in Vitro and
experiments Z1—23). DsbB was shown to require the in Vivo. DsSbC can rearrange incorrectly formed disulfides
presence of cytochrome oxidases for its activity. These both in vitro and in vivo In vitro, catalytic amounts of
cytochromes oxidases act as the terminal electron acceptopurified DsbC facilitate the refolding of fully reduced bovine
in the electron transport chain, transferring electrons from pancreatic trypsin inhibitor (BPTI) and allow formation of
ubiguinone to molecular oxygen. Under aerobic conditions, native BPTI £6). BPTI is an especially good substrate for
electrons are transferred from DsbB to ubiquinone to in vitro folding experiments: it contains 3 nonconsecutive
cytochrome oxidases and finally to molecular oxygeh disulfide bonds and its in vitro folding pathway is very well
23). Under anaerobic conditions, DsbB is still reoxidized. characterized. In the presence of an oxidant (either oxidized
Reoxidation under anaerobic conditions occurs by electron glutathione or DsbA), DsbC increases the rate of formation
flow from DsbB to menaquinone to terminal acceptors such of native BPTI without increasing the rate of disappearance
as fumerate reductase or nitrate reduct@de-3). of the fully reduced BPTIZ6). This occurs because DsbC
The DsbC-DsbD Pathway Isomerizes Disulfide Bonds in causes disulfide rearrangements in the stable misfolded
E. coli. The DsbA-DsbB pathway catalyzes formation of intermediates of BPTI, allowing the native disulfide pairings
de novo disulfide bonds between two cysteines residues.to occur. Interestingly, DsbC cannot catalyze rearrangements
However, as the number of cysteines residues in a proteinof these quasi-native intermediates as well as eukaryotic PDI
increases, the number of possible disulfide pairings grows does: spontaneous rearrangement has a half time of 2 h, in
very rapidly. This raises the question, how does the cell the presence of DsbC this half time drops to 10 min, and in
catalyze formation of the correct cysteines pairings? It is the presence of PDI, to 1 mir2).
hypothesized that DsbA rapidly introduces disulfide bonds In vivo studies of DsbC’s isomerase activity have relied
into partially unfolded proteins as they are being translocated mainly on expression of eukaryotic proteins with multiple
into the periplasm, suggesting that DsbA may introduce disulfide bonds. In fact, the only known in vivo substrate of
disulfides between sequential cysteines residues, even if thes®sbC is a periplasmic protein with two disulfides, alkaline
particular disulfide pairings do not exist in the native protein. phosphatase2{). However, the folding yield of native
In the case of a protein with multiple disulfides, the DsbA  alkaline phosphatase decreases by only 15%dskeCnull
DsbB system does not always introduce the correct disulfidesstrain 7). More strikingly, when the eukaryotic protein
(23). In an in vitro folding experiment using RNase A, Bader mouse urokinase (containing 12 disulfide bonds) is expressed
and co-workers demonstrated that, although DsbA canin adsbCnull strain, its activity shows a 100-fold reduction
catalyze the complete oxidation of RNase A, this RNase A compared to activity in a wild-type stra@if). Furthermore,
is catalytically inactive 23). Refolded RNase A inactivity = certain eukaryotic proteins with multiple disulfides rely
is most likely caused by introduction of non-native disulfides heavily on the presence of DsbC while others do not. While
by DsbA causing the misfolding of RNase A. When this the yield of human growth hormone (hGH) and the anti CD-
experiment is done in the presence of glutathione redox 18 antibody (anti CD-18) is nearly identical in wild-type and
buffers, RNase A is catalytically active. Glutathione is a dsbC strains, melanocyte growth-stimulating activity (MGSA)
nonphysiologic reoxidant of DsbA that is not present in the and interferon-like growth factor-1 (IGF-1) show marked
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monomeric DsbC has little activity as an isomerase in vitro,
despite the fact that the remaining thioredoxin-like domain
retains both a similarkg, of the active site thiol and shows
only small differences in overall conformation compared to
wild-type DsbC 83).

In DsbC’s wild-type dimeric state, the CXXC active site
of each monomer appears to function independer2y. (
The postulated reaction mechanism of DsbC will thus be
discussed for one active site in the dimer. DsbC performs a
nucleophilic attack of the N-terminal cysteine (Cys98) of
the CXXC active site onto the substrate protein, causing
formation of a mixed disulfide between DsbC and substrate.
Attack of a third substrate thiol group onto the mixed
disulfide allows resolution of the DsbC-substrate mixed

dimerization
domain - disulfide and causes rearrangement of substrate disulfides
to a more stable conformation. Some support for this
Ficure 3: The recent crystal structure of DsbC shows that it is a mephamsm comes f“’”." th? fact that DSbC. IS found almost
dimer consisting of two DsbC monomers. Each monomer is €ntirely in reduced form in wild-type cells, which is necessary
composed of a C-terminal thioredoxin domain containing the CXXC if DsbC must perform the initial nucleophilic attack on
f'ictive sit_e, a flexible Ii_nker helix that allpws I;)st to adjust to substrate protein.

interact with other proteins, and an N-terminal dimerization domain.  pspG |s a Second Puta Disulfide Isomeraset screen

L . L for DTT-sensitive mutants that also cause an increasé-in
reduction in thedsbC" strain @8). This difference may be dependent periplasmic heat shock response led to the

explained by the disulfide pairings in the native structure: discovery of a second putative disulfide isomerase, DshG

while hGH and anti CD-18 both contain disulfides between (34 additionally, DshG confers resistance to high concen-
consecutive cysteine residues, both IGF-a and MGSA requir€yations of DTT in adsbB strain if expressed from a

disulfides to form between nonconsecutive cysteines residuesmumcOpy plasmid 84). DsbG was also identified through

In addition to its isomerase activity, DsbC has been shown jts sequence similarity to DsbC3%). DsbG has 49%
to have chaperone and peptide-binding activity. A chaperonehhomology and 30% identity to DsbC, which immediately
can interact nonspecifically with hydrophobic regions of a suggests that DsbG likely has a similar function to DsbC
peptide to prevent the formation of aggregates by that peptideand is probably a second disulfide isomera38).(
and assist in its proper folding. Work by Chen and colleagues  Much less research has been performed on the newly
demonstrated that DsbC is able to assist in the refolding of discovered DsbG than on its possible counterpart, DsbC. In
lysozyme and glyceraldehyde-3-phosphate dehydrogenasgact, there is still some controversy over the particular
(29). These activities are believed to be in keeping with oxidoreductase function of DsbG in viv/hile initial work
DsbC'’s ability to refold misfolded substrates. To rearrange suggested that DsbG functions as a disulfide oxidadg (
a misfolded substrate, DsbC needs to be able to bind substratenore recent research provides evidence that DsbG is a second
during the disulfide rearrangement process. In particular, it disulfide isomerase36). In vitro, DsbG has been shown to
has been proposed that DsbC must bind substrate until ithave both isomerase and chaperone actify 86). As a
has tried out various disulfide pairings and reached the mostchaperone, DsbG was shown to prevent in vitro thermal
stable, native, conformatior@). In support of this theory,  aggregation of both citrate synthase and lucifers38).
it has been shown that DsbC forms a disulfide with a model DsbG’s chaperone activity is independent of its disulfide

peptide, residues431 of BPTI, that is 100-fold more stable  redox state and is not affected in a cysteine-less DsbG mutant
than the DsbA-BPTI 431 mixed disulfide 81). (36).

DsbC'’s Structure Is Consistent with Its Agties. The As mentioned above, DsbG was originally discovered by
crystal structure of DsbC has recently been solved to a Andersen and co-workers because it conferred resistance to
resolution of 1.9 A 82). It shows DsbC to be a 8 23 kDa high levels of DTT when overexpressed as well as causing
V-shaped homodimer with each monomer forming one arm DTT sensitivity when mutated3d). These authors also
of the V (32). Each DsbC monomer consists of two separate asserted thatlshGis an essential gene sincedabG null
domains-an N-terminal dimerization domain joined by a linked to Tef could not be crossed onto the chromosome in
linker helix to a thioredoxin-like C-terminal domain that the absence of low molecular weight oxidarg4)( However,
contains the CXXC active site (Figure 3). The N-terminal these authors also found thatdabG null linked to Kark
dimerization domains interact by noncovalent bonds betweencould be crossed onto the chromosome without additional
correspondingg-sheets of each monomer to form the dimer oxidants 84). They hypothesized thalsbGis essential and
interface. The dimerization domains also form an extended that the ability of thedsbG:Q Kan to be transduced onto
hydrophobic cleft large enough (4040 x 25 A) to bind a the chromosome was the result of suppressor mutations.
small peptides. The presence of this cleft may explain DsbC’s  In contrast to the work of Andersen and colleagues, later
ability to bind peptide. Limited proteolysis experiments work by Georgiou and co-workers suggests that DsbG is
support the importance of DshC’s hydrophobic cleft in its most likely a disulfide isomeras&%). This research dem-
peptide-binding activities: when the dimerization domain onstrated thatsbGnull mutations can be crossed onto the
(amino acids #65) is removed by cleavage with trypsin, chromosome with normal frequency under a variety of
DsbC becomes inactive as a chaperone. Furthermore, thisonditions and into a variety of strain85). Furthermore,
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the transduction frequency of adsbGallele into a wild- plasmic thioredoxin and transfer them to the periplasmic
type background was equivalent in strains containing multiple proteins DsbC and DsbG.
copies ofdsbGpresent on plasmid and those lacking plasmid  How is DsbD able to transfer electrons from the cytoplasm
dsbG (35). These authors also found that DsbG catalyzes to the periplasm? DsbD has a molecular mass of 59kDa and
the isomerization of certain substrates in vitrderestingly, is the largest protein in the Dsb family. It is made up of
DsbG has varying efficacy in catalyzing disulfide rearrange- three domains: an N-terminal periplasmic domain with an
ment of two different eukaryotic substrates, BPTI and immunoglobulin-like fold &-domain), a hydrophobic trans-
urokinase 85). Although overexpression of DsbG allowed membrane domain consisting of eight transmembrane seg-
near wild-type yields of BPTI in asbC strain, over- ments -domain), and a C-terminal thioredoxin-like domain,
expression of DsbG produces only about 15% yield of wild- also located in the periplasm-domain) 88). Each domain
type urokinase in asbC strain. This 15% vyield is an  has a pair of conserved cysteine residues that participate in
improvement over thelsbC strain in which no active  consecutive disulfide exchange reactions in order to transfer
urokinase is produced9). electrons from the cytosol to the periplasm. Recent work
The in vivo function of DsbG remains unknowimo in involving in vivo thiol trapping and an in vitro reconstition
vivo substrates of the protein have been discovered of the disulfide isomerization system shows that the transfer
however, the most convincing evidence supports the hy- of electons occurs sequentiallgg40). Using an in vitro
pothesis that DsbG, like DsbC, is a disulfide isomerase. First, system composed of purified domains of DsbD, it was
DsbG is found in reduced form in vivo, consistent with an demonstrated that electrons are transferred from thioredoxin
isomerase rather than oxidase role. Second, DsbG has beeto DsbD’sf5-domain and then to the periplasmiedomain.
shown to complement dsbC strain in the refolding of DsbD’s y-domain passes electrons to tlielomain, which
certain eukaryotic proteins. Finally, and perhaps most can then reduce DsbC or DsbG. Additionally, this pathway
convincing, DsbG has a high degree of sequence homologyof electron flow is thermodynamically driven, as illustrated
to DsbC, suggesting that they have similar in vivo functions. by the increasingly oxidizing redox potentials of the pathway
Since no in vivo substrates requiring DsbC or DsbG for components40). This work confirms the model for electron
proper folding of the majority of substrate have been transport proposed as a result of an elegant series of in vivo
discovered and since most periplasmic proteins do notthiol trapping experiments3@). The DsbDo domain has
contain multiple disulfide bonds, it remains unclear vy recently been crystallized in complex with DsbC, demon-
coli has two putative disulfide isomerases in the periplasm. strating that thex domain bind the central cleft of the DsbC
DsbD Reduces DshC and Dsbh&s illustrated above, both  dimer, which allows the passage of electrons specifically to
DsbC and DsbG require their CXXC active site to be reduced DsbC @1).
in order to act as isomerases. In vivo data show that both Finally, it should be noted that DsbD has a number of in
DsbC and DsbG are indeed maintained in reduced formvivo functions aside from its role in maintaining the
despite the fact that they are located in the strongly oxidizing periplasmic isomerization system. A telling illustration of
environment of the bacterial periplasBv]. DsbC and DsbG  the diversity of DsbD’s roles is the fact that DsbD was
are kept reduced by the action of the inner membrane proteindiscovered by three groups working in very different fields
DsbD. (42, 43. Aside from its role in reducing DsbC and DsbG,
Evidence supporting DsbD’s essential role in the isomer- DsbD plays an essential role in cytochrome C biosynthesis
ization pathway comes from genetic work examining the and is also important in copper resistandg,(43. Mutants
effects of adsbDnull mutant on periplasmic protein folding  lacking the ability to synthesize all five c-type cytochromes
(27). In thedsbDnull mutant, DsbC and DsbG accumulate have been mapped tdsbD (then called dip2); these
in oxidized form @7). Like dsbC strains,dsbD" strains mutations can be complemented by the addition of specific
accumulate a misoxidized form of alkaline phosphatase. thiol-containing compounds to the growth mediudi,(44).
Furthermore, the effect of the doulbdebC dsbhD~ mutant It is known that DsbD reduces CcmG; however, the precise
on alkaline phosphatase expression is not cumulative, sug-mechanism by which heme is attached to c-type apocyto-
gesting that DsbC and DsbD are part of the same pathwaychromes by CcmF-H remains uncledb). Some species of
(27). bacteria, such &acillus subtilisandRhodobacter capsulatis,
In order for DsbD to reduce DsbC and DsbG, DshD itself contain CcdA rather than DsbD. CcdA is homologous to
must be reduced (Figure 2). Like DsbB, DshD is located in DsbD but contains only a domain similar to DsbDjs
the inner membrane where it could potentially interact with domain and lacks both of DsbD’s periplasmic domaias (
periplasmic, inner membrane, or cytoplasmic components. andy) (46). Like DsbD, CcdA is required for cytochronee
The same genetic work that illustrated the role of DsbD in biogenesis; however, unlike DsbD, CcdA seems to be
transferring reducing equivalents to DsbC and DsbG also uninvolved in disulfide isomerization46, 47). A recent
resulted in the isolation of mutants in the cytoplasmic investigation into the relationship between DsbD and CcdA
thioredoxin system as components of the pathway that allowssuggests that fusion betweendA and other redox-active
DsbC and DsbG to remain reduced in the highly oxidizing domains (that became tleandy domains) allowed DsbD
periplasmic environmen®(). The current model for main-  to broaden its substrate specificity to include DsbC and DsbG
tenance of DsbC and DsbG in reduced form involves passage(47).
of electrons from the reducing environment of the cytoplasm  Structural and Functional Comparison of DsbC and PDI.
to the oxidizing periplasm. In this model, thioredoxin, which Protein disulfide isomerase (PDI) is a key catalyst of disulfide
is kept in reduced form by thioredoxin reductase and bond isomerization in eukaryotes. The importance of PDI is
NADPH, passes electrons to DsbD. DsbD’s position in the revealed both by its abundance and by the fact that, in some
inner membrane allows it to receive electrons from cyto- organisms, it is an essential protein. PDI is a highly conserved
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protein and is present in a wide range of tissu&s).(It is the N terminal dimerization domains of DsbC form a central
found predominantly in the lumen of the endoplasmic cleft that has recently been shown to alter in response to
reticulum (ER) and can reach near millimolar concentrations binding of another proteird(l). Because both PDI and DsbC
in the ER of some tissuesA9). PDI is essential inS. likely bind substrates that are partially unfolded, it is not
cerevesiae and some evidence suggests that it is PDI's surprising that both have been shown to have chaperone
disulfide isomerase function that is necessary for survival, activity (29, 62.
though this is very much debateslX-52). PDI has different Finally, a large number of homologues to PDI exist in
redox roles under different redox conditiorit has been  the ER. In yeast, the essentiBDI1 gene has four non-
shown to oxidize, reduce, and isomerize disulfide bonds in essential homologuesMPD1, MPD2, EUGY, and EPS1
vitro as well as to have chaperone activig). Here we  (50). All contain at least one thioredoxin fold but vary in
focus on the disulfide isomerase function of PDI as a possible the number of thioredoxin folds present and the active site
source of information about the prokal’yotic disulfide isomer- sequence. Overexpression of any of these homo|ogues can
ization system. rescue lethality of a@PDI1 deletion, though rescue often
Eukaryotic PDl is both structurally and functionally more depends on enodogenous levels of other homo|ogms (
complex than DsbC or DsbG. Like DsbC, PDI is a member g3). The ability of these nonessential homologues to restore
of the thioredoxin superfamily because it contains at least vjability to a PDI1 mutant demonstrates that there is some
one thioredoxin-like domain. While the DsbC monomer fynctional overlap of these genes. If this case is extrapolated
contains one thioredoxin fold per monomer, the PDI mono- to the prokaryotic system, it suggests that both DsbC and

mer has a multisubunit structure consisting of 4 thiredoxin- DsbG may be prokaryotic disulfide isomerases, perhaps with
like domains as well as a C-terminal acidic t&k). From different substrate specificity.

N to C terminus of PDI, the order of subunits is a-‘bah
with a linker region between'band & and a C-terminal CONCLUSIONS AND FUTURE DIRECTIONS
extension following the 'adomain.

NMR work on the recombinant a domain has demonstrated In prokaryotes and eukaryotes, disulfide bond isomeriza-
that the a domain is indeed a stable domain with a tion is a catalyzed process; in prokaryotes, periplasmic
thioredoxin fold 64). Since a and'aare highly homologous ~ isomerases DsbC and DshG are believed to catalyze disulfide

to each other as well as to thioredoxin, it is not surprising rearrangements, while in eukaryotes, PDI and its homologues
that preliminary NMR work on ‘aindicates that it too  are responsible for disulfide isomerization. Overexpression
contains a thioredoxin fold56). Like thioredoxin, both a ~ of DsbC or PDI has been shown to dramatically improve
and 4 contain a redox active CXXC motif. The b and b Yields of multidisulfide eukaryotic proteins expressedin
domains have significant sequence similarity to each other coli (64—66). Not surprisingly, optimization of eukaryotic
but not to a, § or thioredoxin. Although both b and bontain ~ Protein folding inE. coliis an area of intense research, as
a thioredoxin fold neither contains the CXXC active siig)( ~ this will likely have significant biotechnological impact.
PDI's C-terminal acidic domain, or ¢ domain, contains amino Disulfide isomerization is often the rate-limiting step in
acids 465 to the C terminus. The ¢ domain is postulated to Protein folding reactions: understanding isomerase function
contain a low-affinity, high-capacity Gabinding site 66). is of vital_importance to optimizing protein folding of many
Importantly, the ¢ domain contains a KDEL sequence that eukaryotic proteins. One essential sources of information
localizes soluble PDI to the endoplasmic reticulls#)( This about the prokaryotic isomerization system is the in vivo

domain is entirely absent in DsbC, and DsbC has no known substrates of DsbC and DsbG; however, with the exception
affinity for Ca2+ (32). of alkaline phosphatase, these remain undiscovered. The in

PDI is functionally more complicated than DsbC, as vivo substrates of DsbC and DsbG will provide information
illustrated by its ability to catalyze disulfide oxidation, about the substrate specificity of these two proteins as well
reduction, and isomerizatiom@. To elucidate the role of as Confirming their in vivo roles as disulfide isomerases.
each PDI domain in PDI's overall function, redox assays The presence of two disulfide isomerasesEncoli is
using combinations of these domains have been performedparticularly surprising when one looks at the number of
(57, 58). Because the isolated a antl domains have a  prokaryotic periplasmic or membrane proteins that might
thioredoxin fold and also contain the CXXC active site, itis need an isomerase. Unlike eukaryotic proteins, prokaryotic
not surprising that simple oxidation and reduction catalysis proteins rarely contain more than two disulfide bonds.
requires only the presence of either the a brdamain. Additionally, these disulfides are generally consecutive,
Isomerizations that do not require large changes in confor- suggesting that they can be correctly formed by DsbA. If
mation require the 'bdomain in combination with either a  one uses the eukaryotic system as a model to understand
or d. Isomerization of complex substrates, particularly those the prokaryotic system, it seems plausible that DsbG, like
in which substantial conformational rearrangements must some of the newer members of the PDI family, is a second
occur, requires all four of the thioredoxin-like domains, both disulfide isomerase with different substrate specificity from
the two with CXXC active sites and the two without. For DsbC. This is suggested by the ability of DsbG to refold
complex isomerizations to occur, the substrate protein mustonly some of the eukaryotic proteins that DsbC rearranges.
remain in contact with PDI while various disulfide pairings However, the analogy between the eukaryotic and prokary-
are scanned for their stability. Consistent with this require- otic systems should only be taken so far: the seemingly small
ment and also with the need for the dubunit in complex number of prokaryotic proteins that may require a disulfide
isomerizations, it has been shown that theldmain is the isomerase reminds us that prokaryotic disulfide isomerization
principle peptide binding site of misfolded proteigd); Like system is a discrete entity from the eukaryotic system and
PDI, DsbC contains an area suitable for peptide binging may function quite differently from that of eukaryotes. To



Current Topics

further define the in vivo roles of DsbC and DsbG, their
physiologic substrates must be discovered.

REFERENCES

[e¢]

10.
11.
12.
13.
14.

15.
16.

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.

28.
20.

30.
31.

32.

1
2
3
4.
5
6
7

. Molinari, M., and Helenius, A. (1999 ature 402 90-3.
. Anfinsen, C. B., Haber, E., Sela, M., and White, F. H. (1961)

Proc. Natl. Acad. Sci. U.S.A. 41309-1314.

. Goldberger, R. F., Epstein, C. J., and Anfinsen, C. B. (1963)

Biol. Chem. 238628-635.
Rietsch, A., and Beckwith, J. (1998hnu. Re. Genet. 32163~
84.

.Randall, L. L., and Hardy, S. J. (199%)ends Biochem. Sci. 20

65-9.

. Watarai, M., Tobe, T., Yoshikawa, M., and Sasakawa, C. (1995)

Proc. Natl. Acad. Sci. U.S.A. 92927-31.

. Jacob-Dubuisson, F., Pinkner, J., Xu, Z., Striker, R., Padmanhaban,

A., and Hultgren, S. J. (1998roc. Natl. Acad. Sci. U.S.A. 91
11552-6.

. Donnenberg, M. S., Kaper, J. B., and Finlay, B. B. (19B@&nds

Microbiol. 5, 109-14.

. Bessette, P. H., Aslund, F., Beckwith, J., and Georgiou, G. (1999)

Proc. Natl. Acad. Sci. U.S.A. 963703-8.

Derman, A. I., Prinz, W. A., Belin, D., and Beckwith, J. (1993)
Science 2621744-7.

Aslund, F., Zheng, M., Beckwith, J., and Storz, G. (1998)c.
Natl. Acad. Sci. U.S.A. 96161-5.

Prinz, W. A., Aslund, F., Holmgren, A., and Beckwith, J. (1997)
J. Biol. Chem. 2721566%-7.

Bardwell, J. C., McGovern, K., and Beckwith, J. (19€8ll 67,
581-9.

Missiakas, D., Georgopoulos, C., and Raina, S. (1P93). Natl.
Acad. Sci. U.S.A. 907084-8.

Tomb, J. F. (1992Proc. Natl. Acad. Sci. U.S.A. 820252-6.
Raina, S., and Missiakas, D. (199XHnu. Re. Microbiol. 51,
179-202.

Zapun, A., Bardwell, J. C., and Creighton, T. E. (19BR)}chem-
istry 32 5083-92.

Collet, J. F., and Bardwell, J. C. (200dpl. Microbiol. 44, 1-8.
Bardwell, J. C., Lee, J. O., Jander, G., Martin, N., Belin, D., and
Beckwith, J. (1993Proc. Natl. Acad. Sci. U.S.A. 90038-42.
Kobayashi, T., Kishigami, S., Sone, M., Inokuchi, H., Mogi, T.,
and lto, K. (1997)Proc. Natl. Acad. Sci. U.S.A. 941857-62.
Bader, M., Muse, W., Zander, T., and Bardwell, J. (120&iol.
Chem. 27310302-7.

Bader, M., Muse, W., Ballou, D. P., Gassner, C., and Bardwell,
J. C. (1999)Cell 98 217-27.

Bader, M. W., Xie, T., Yu, C. A, and Bardwell, J. C. (20Q0)
Biol. Chem. 27526082-8.

Missiakas, D., Georgopoulos, C., and Raina, S. (1&9po J.

13, 2013-20.

Shevchik, V. E., Condemine, G., and Robert-Baudouy, J. (1994)
Embo J. 132007-12.

Zapun, A., Missiakas, D., Raina, S., and Creighton, T. E. (1995)
Biochemistry 345075-89.

Rietsch, A., Belin, D., Martin, N., and Beckwith, J. (19%6pc.
Natl. Acad. Sci. U.S.A. 933048-53.

Joly, J. C., and Swartz, J. R. (19%ipchemistry 361006772.
Chen, J., Song, J. L., Zhang, S., Wang, Y., Cui, D. F., and Wang,
C. C. (1999)J. Biol. Chem. 2741960%1-5.

Bader, M. W., and Bardwell, J. C. (20044lv. Protein Chem. 59
283-301.

Darby, N. J., Raina, S., and Creighton, T. E. (19i@chemistry

37, 783-91.

McCarthy, A. A., Haebel, P. W., Torronen, A., Rybin, V., Baker,

Biochemistry, Vol. 42, No. 5, 20031185

E. N., and Metcalf, P. (2000Yat. Struct. Biol. 7196-9.

33.Sun, X. X., and Wang, C. C. (2000) Biol. Chem. 27522743

47.

48.
49.

50.
51.
52.
53.
54.
55.

9

.Ahdersen, C. L., Matthey-Dupraz, A., Missiakas, D., and Raina,

S. (1997)Mol. Microbiol. 26, 121—-32.

. Bessette, P. H., Cotto, J. J., Gilbert, H. F., and Georgiou, G. (1999)

J. Biol. Chem. 2747784-92.

. Shao, F., Bader, M. W., Jakob, U., and Bardwell, J. C. (2000)

Biol. Chem. 27513349-52.

. Rietsch, A., Bessette, P., Georgiou, G., and Beckwith, J. (1997)

J. Bacteriol. 179 6602-8.

. Chung, J., Chen, T., and Missiakas, D. (200®I. Microbiol.

35, 1099-109.

. Katzen, F., and Beckwith, J. (2000gll 103 769-79.
. Collet, J. F., Riemer, J., Bader, M. W., and Bardwell, J. C. (2002)

J. Biol. Chem. 27726886-92.

. Haebel, P. W., Goldstone, D., Katzen, F., Beckwith, J., and

Metcalf, P. (2002 Embo J. 214774-4784.

. Crooke, H., and Cole, J. (199B)ol. Microbiol. 15 1139-50.
.Fong, S. T., Camakaris, J., and Lee, B. T. (1996). Microbiol.

15, 1127-37.

. Sambongi, Y., and Ferguson, S. J. (199EBS Lett. 353235~

8

. R’.eid, E., Cole, J., and Eaves, D. J. (20Bibchem. J. 35551—

8

.S.chiott, T., von Wachenfeldt, C., and Hederstedt, L. (1997)

Bacteriol. 179 1962-73.

Katzen, F., Deshmukh, M., Daldal, F., and Beckwith, J. (2002)
Embo J. 213960-9.

Bjelland, S. (1987Comp. Biochem. Physiol. B 8307—14.

Zapun, A., Creighton, T. E., Rowling, P. J., and Freedman, R. B.
(1992) Proteins 14 10-5.

Norgaard, P., Westphal, V., Tachibana, C., Alsoe, L., Holst, B.,
and Winther, J. R. (2001). Cell Biol. 152 553-62.

Scherens, B., Dubois, E., and Messenguy, F. (1985t 7185—

93.

Laboissiere, M. C., Sturley, S. L., and Raines, R. T. (19B5)
Biol. Chem. 27028006-9.

Freedman, R. B., Hirst, T. R., and Tuite, M. F. (1994&nds
Biochem. Sci. 19331-6.

Kemmink, J., Darby, N. J., Dijkstra, K., Nilges, M., and Creighton,
T. E. (1997)Curr. Biol. 7, 239-45.

Dijkstra, K., Karvonen, P., Pirneskoski, A., Koivunen, P.,
Kivirikko, K. I., Darby, N. J., van Straaten, M., Scheek, R. M.,
and Kemmink, J. (1999). Biomol. NMR 14195-6.

. Macer, D. R., and Koch, G. L. (1988) Cell. Sci. 9161—-70.
. Munro, S., and Pelham, H. R. (198Z¢Il 48 899-907.
. Darby, N. J., Freedman, R. B., and Creighton, T. E. (1994)

Biochemistry 33793747.

. Darby, N. J., Penka, E., and Vincentelli, R. (1998Mol. Biol.

276, 239-47.

60. Darby, N. J., and Creighton, T. E. (198pchemistry 3411725~

61.

62.
63.

64.
65.
66.

35.

Klappa, P., Ruddock, L. W., Darby, N. J., and Freedman, R. B.
(1998)Embo J. 17927-35.

Puig, A., and Gilbert, H. F. (1994) Biol. Chem. 2697764-71.
Tachibana, C., and Stevens, T. H. (1992). Cell Biol. 12 4601

11.

Schmidt, A. M., Bloss, I., and Skerra, A. (1998ptein Eng. 11
601-7.

Qiu, J., Swartz, J. R., and Georgiou, G. (1988pl .Erviron.
Microbiol. 64, 4891-6.

Zhan, X., Schwaller, M., Gilbert, H. F., and Georgiou, G. (1999)
Biotechnol. Prog. 151033-8.

B1027141T



