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Forum Editorial

Oxidative Protein Folding:
Recent Advances and Some Remaining Challenges

ADAM BENHAM

OF ALL THE 20 AMINO ACIDS commonly found in proteins,
the cysteine residue arguably has the most to answer for.
In fact, if it wasn’t for cysteine, none of the reviews and articles
in this edition on oxidative protein folding could have been
written. What is it about cysteine that makes it so special and
has caused it to occupy the thoughts of so many biologists?The
unique property that marks cysteine out for attention s that, in
the context of a polypeptide chain, the sulfhydryl group can
exist in a reduced form (-SH) or, when meeting a like-minded
partner, an oxidized form: the disulfide bond (-S-S-). The oxi-
dation of cysteine is a covalent modification that can be either
intramolecular or intermolecular, and it adds an extra di-
mension of complexity to protein structure and function. This
complexity gives the protein new opportunities, in terms of
the chemistry of an active site, for example, or the potential for
regulated interaction with partner proteins. But it comes at
a cost. The oxidation of cysteine must be controlled, and it is
now apparent that all organisms devote considerable resources
to forming, maintaining, and exchanging disulfide bonds. The
seemingly simple process of protein oxidation does not occur
spontaneouslyin the cell and is carefully regulated.

This forum edition examines oxidative protein folding
from a number of different perspectives. The scope of the
topic is illustrated by the fact that disulfide bond formation
occurs and is regulated in all organisms, including bacteria,
viruses, and eukaryotes (9). Despite their obvious differ-
ences, these organisms have evolved very similar ways of
controlling disulfide bond formation, using protein oxidants
and small-molecular-weight electron shuttles and cofactors.
However, the genomics approach of Fomenko and Gladyshev
indicates that there are still exciting things to discover about
oxidative protein folding, particularly in higher eukaryotes
(9). Uncovering the precise role of endoplasmic reticulum
(ER) resident glutathione peroxidases, selenoproteins, and
other thioredoxin domain-containing proteins of the ER will
be challenging, but should be very informative.

The most common compartments in which oxidative protein
folding occurs are the bacterial periplasm and the eukaryotic

ER. The Dsb proteins of the bacterial periplasm have fasci-
nated researchers since 1991, when it was first shown that a
mutation in E. coli dsbA could prevent the secretion of various
oxidized proteins (4, 11). Some beautiful biochemical experi-
ments have followed, and the Dsb story is reviewed here by Or-
tenberg and Beckwith (16). It is sobering to note that the pre-
dicted properties of the Dsb proteins do not always correspond
to their true redox function, and this is one of many lessons
from bacteria that are pertinent to the study of eukaryotes. The
chemical and protein microenvironments have a big say in
whether a particular Dsb will act as an oxidant or reductant,
and one of the current challenges is how to study the chemistry
of these proteins in their “natural surroundings.” Nevertheless,
in vitro analysis of protein function can still be informative, as
Blank et al. show in their article on the DsbA protein of Vibrio
cholerae (5). These authors used mutational and enzymatic
studies to investigate the role of amino acid residues surround-
ing the DsbA active site, comparing the V. cholerae enzyme to
that of E. coli. In particular, Blank et al. propose that mutating
His94 can increase the activity of DsbA.

The knowledge gained from the bacterial Dsb system was
valuable in 1997-98, when two groups showed that, in yeast,
an erol—I mutant also failed to secrete disulfide bonded pro-
teins (10, 17). The mutated gene, EROI, is found in all eu-
karyotic organisms thus far sequenced, and work from our
group describes the initial characterization of these proteins
in plants (8). Other studies have shown that, in the ER, Erolp
oxidizes protein disulfide isomerase (PDI) in a partnership
reminiscent of DsbA/DsbB. The job of DsbA and PDI is to
oxidize a substrate protein in the prokaryote and eukaryote,
respectively. PDI has many functional strings to its bow, and
this class of proteins has attracted interest from biotechnolo-
gists eager to harness its oxidizing power to develop protein-
oxidizing drugs. These drugs could be used to catalyze the
oxidation of recombinant proteins more efficiently in vitro,
for example. Here, Kersteen and Raines discuss the oxidative
role of PDI and describe the progress that has been made to-
ward developing small-molecular-weight PDI mimics (14).
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One problem that dogs the PDI field is that, despite years
of effort, there is no crystal structure of this extremely flexi-
ble protein (or any of its close homologues). Our structural
knowledge is restricted to NMR studies of individual PDI do-
mains (12, 13). Often, the exact domain boundaries are un-
clear because of limited homology between PDI family mem-
bers in these regions. Ruddock and colleagues have taken on
the challenge of expressing in bacteria almost every domain
from all the characterized PDI family members. They have
combined their results with a multiple alignment strategy to
define the domain boundaries of the PDI proteins more
closely (1). PDI is just one of a handful of thioredoxin do-
main-containing ER resident proteins. One of its cousins,
Erp57, has a particular role in the biochemistry of antigen
presentation, and is found in the ER in a complex with the
major histocompatibility complex (MHC) class I molecule, a
protein that presents antigenic viral peptides to cytotoxic T
cells (6). The initial thinking was that Erp57 acted as a cal-
nexin-binding oxidase to introduce disulfide bonds into the
MHC class I heavy chain as it folded. However, the picture is
complicated. Erp57 might indirectly oxidize MHC class I via
a bridging molecule called tapasin (7). It may also be that
Erp57 can act as a reductase to unfold surplus MHC class I
heavy chains and target them for ER-associated degradation
(3). The difficulties in defining whether Erp57 is an oxidant,
reductant, or both in vivo bring to mind the conundrum of the
bacterial Dsb proteins. An article published in this issue from
Antoniou and Powis adds to the mix by using thiol-trapping
experiments. They show that Erp57, by virtue of having two
oxidizable WCGHC motifs, has the potential to engage in
redox reactions while covalently linked to tapasin (2).

Oxidative protein folding, by its very nature, produces oxi-
dants and reductants that could be very damaging to the cell if
left uncontrolled. One challenge is to discover how the ER in-
terprets this oxidative stress, and how these messages are inte-
grated into other related signaling pathways. Van der Vlies et
al. provide some interesting data using acetylTyrFluo, a fluo-
rescent probe of oxidative stress, which labels a high propor-
tion of ER proteins when cells are subjected to peroxide (18).
Their experiments demonstrate that ER protein folding can be
influenced by oxidative stress, and they provide an experimen-
tal approach by which the relationship between oxidative pro-
tein folding and oxidative stress can be studied (19).

When oxidative protein folding is discussed by bio-
chemists, most attention traditionally focuses on the ER and
the bacterial periplasm. The inherently oxidizing environment
of these compartments means that they are often regarded as
the only places where disulfide bond formation occurs. Re-
cent work illustrates that this is not the case. Disulfide bonds
can be formed and regulated in proteins that function in the
cytosol and in the nucleus. The prototypical examples are the
molecular chaperone Hsp33, and the transcription factors
Yapl and OxyR. Linke and Jakob discuss the remarkable way
in which these proteins are regulated by reversible disulfide
bond formation in this issue (15). Their review also draws our
attention to the fact that redox regulation can even occur at
the plasma membrane and in the extracellular space. The reg-
ulation of disulfide switching at the cell surface, as well as
the implications for the activity of receptors and signaling
molecules, is an expanding area of research, providing the
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biochemical community with another challenge for the fu-
ture. Thus, despite the large and ever-growing experimental
interest in oxidative protein folding, there are many chal-
lenges and questions waiting to be answered. The redox
chemistry of the simple cysteine residue should keep re-
searchers busy for some time to come.
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REFERENCES

1. Alanen HI, Salo KEH, Pekkala M, Siekkinen HM, Pir-
neskoskiA, and Ruddock LW. Defining the domain bound-
aries of the human protein disulfide isomerases. Antioxid
Redox Signal 5: 367-374,2003.

2. Antoniou AN and Powis SJ. Characterization of the
ERp57-tapasin complex by rapid cellular acidification and
thiol modification. Autexid Redor Sicugl 5: 375-379,
2003.

3. Antoniou AN, Ford S, Alphey M, Osborne A, Elliott T, and
Powis SJ. The oxidoreductase ERp57 efficiently reduces
partially folded in preference to fully folded MHC class I
molecules. EMBO J 21: 2655-2663, 2002.

4. Bardwell JC, McGovern K, and Beckwith J. Identification
of a protein required for disulfide bond formation in vivo.
Cell 67:581-589,1991.

5. Blank J, Kupke T, Lowe E, Barth P, Freedman RB, and
Ruddock LW. The influence of His94 and Pro149 in modu-
lating the activity of V. cholerae DsbA. Antioxid Redox
Signal 5: 359-366,2003.

6. Cresswell P, Bangia N, Dick T, and Diedrich G. The nature
of the MHC class I peptide loading complex. Immunol Rey
172:21-28, 1999.

7. Dick TP, Bangia N, Peaper DR, and Cresswell P. Disulfide
bond isomerization and the assembly of MHC class I-pep-
tide complexes. Immunity 16: 87-98, 2002.

8. Dixon DP, van Lith M, Edwards R, and Benham A.
Cloning and initial characterization of the Arabidopsis
thaliana endoplasmic reticulum oxidoreductins. Antioxid
Redox Signal 5: 389-396,2003.

9. Fomenko DE and Gladyshev VN. Genomics perspective
on disulfide bond formation. Autigxid Redox Sicugl 5:
397402, 2003.

10. Frand AR and Kaiser CA. The ERO1 gene of yeast is re-
quired for oxidation of protein dithiols in the endoplasmic
reticulum. Mol Cell 1: 161-170, 1998.




OXIDATIVE PROTEIN FOLDING

11.

12.

13.

14.

15.

16.

17.

Kamitani S, Akiyama'Y, and Ito K. Identification and char-
acterization of an Escherichia coli gene required for the for-
mation of correctly folded alkaline phosphatase, a periplas-
mic enzyme. EMBO J 11: 57-62,1992.

Kemmink J, Darby NJ, Dijkstra K, Nilges M, and
Creighton TE. Structure determination of the N-terminal
thioredoxin-like domain of protein disulfide isomerase
using multidimensional heteronuclear '3C/">N NMR spec-
troscopy. Biochemistry 35: 7684-7691, 1996.

Kemmink J, Darby NJ, Dijkstra K, Nilges M, and Creighton
TE. The folding catalyst protein disulfide isomerase is con-
structed of active and inactive thioredoxin modules. Curr
Biol7:239-245,1997.

Kersteen EA and Raines RT. Catalysis of protein folding
by protein disulfide isomerase and small-molecule mim-
ics. Autioxid Redox Sigugl 5: 413-424,2003.

Linke K and Jacob U. Not every disulfide lasts forever:
disulfide bond formation as a redox switch. Antioxid Redox
Signal 5: 425-434,2003.

Ortenberg R and Beckwith J. Functions of thiol-disulfide
oxidoreductasesin E. coli: redox myths, realities, and prac-
ticalities. Augioxid Redox Siongl 5: 403-411,2003.

Pollard MG, Travers KJ, and Weissman JS. Erolp: a novel
and ubiquitous protein with an essential role in oxidative

18.

19.

357

protein folding in the endoplasmic reticulum. Mol Cell 1:
171-182, 1998.

van der Vlies D, Pap EH, Post JA, Celis JE, and Wirtz KW.
Endoplasmic reticulum resident proteins of normal human
dermal fibroblasts are the major targets for oxidative stress
induced by hydrogen peroxide. Biochem J 366 (Pt 3):
825-830, 2002.

van der Vlies D, Makkinje M, Jansens A, Braakman I,
Verkleij AJ, Wirtz KWA, and Post JA. Oxidation of ER
resident proteins upon oxidative stress: effects of alter-
ing cellular redox/antioxidant status and implications for

protein maturation. Agtiodid Redax Sigual 5: 381-387,
2003.

Address reprint requests to:

Dr. Adam Benham

Department of Biological and Biomedical Sciences
South Road

University of Durham

Durham

DHI 3LE, UK.

E-mail: adam.benham @ durham.ac.uk



Thisarticle has been cited by:



