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Disulfide bonds play important roles in 
protein structure and stability. Without
them, the proteins that need such covalent
interactions are disordered, weak and non-
functional. Formation of disulfides in 
proteins involves both de novo formation
and exchange. The exchange reactions
within and between proteins have been
closely observed, in part because they are
relatively easy to study in vitro. In these
reactions disulfides are neither created nor
destroyed; rather they are transferred from
one pair of cysteines to another.

How disulfides are actually created has, until
recently, been much more mysterious. In 1998
the Kaiser and Weissman groups simultane-
ously found that the Ero1p protein is directly
responsible for the production of disulfide
bonds in the endoplasmic reticulum (ER) of
eukaryotes1,2. This flavoenzyme generates
disulfides de novo via an unknown mechanism
that uses the oxidizing power of molecular
oxygen3−5. Ero1p passes these disulfides on to
protein disulfide isomerases (PDIs), which
then pass disulfides on to substrate proteins
through another round of exchange reaction.
The structure of Ero1p has now been solved6.
This key enzyme is structurally related to the
quiescin/Sox (QSOX) family of thiol oxidases,
and how Ero1p functions can now be extrapo-
lated from our knowledge about the QSOX
family7. Disulfides created deep within the
flavin core of Ero1p appear to ‘dance’ their way
through the interior of the enzyme, prior to
popping out on the surface of Ero1p, ready for
use (Fig. 1).

The high-resolution structure of Ero1p
reveals a highly helical protein surrounding a
buried FAD cofactor6 (Fig. 1a). Ero1p con-
tains a number of cysteine residues that form
six disulfide bonds. Some of these disulfides
may be structural, whereas others appear to
be directly involved in catalysis. The disulfide
formed between Cys352 and Cys355 is
located very near the isoalloxazine ring of the

FAD cofactor and is a prime candidate for a
catalytic disulfide. It is reasonable to suspect
that FAD acts to directly oxidize this pair of
cysteines. However, this disulfide is buried,
making it unlikely that it can be directly
donated to a PDI. Instead an internal disul-
fide interchange reaction may expose a disul-
fide so it can be picked up by PDI8. Although
the exact route that disulfides take through
Ero1p is not yet clear, the crystal structure
provides some intriguing clues. In one crys-
tallographic form the Cys100-Cys105 disul-
fide is located immediately adjacent to the
Cys352-Cys355 pair. In the other crystal
form, the Cys100-Cys105 disulfide has swung
out and is now surface-exposed. It is as if crys-
tallography has frozen the internal dance that
disulfides take through Ero1p in two steps,
one where the Cys100-Cys105 cysteine hands

are grabbing a freshly generated disulfide and
one where they offer it up to the thioredoxin-
like protein PDI (Fig. 1b).

At first it appeared that the structure of
Ero1p was unique, as structure comparison
programs failed to find any known structures
of significant similarity. This is exciting but at
the same time disappointing. Although it is
always nice to discover a new fold, in practice
it is more helpful for the understanding of
protein function to be able to make predic-
tions based on similarities with well-
characterized proteins. This is particularly the
case for Ero1p because so little is known
about how it works. Nevertheless, when Gross
et al.6 carefully superimposed the FAD cofac-
tors present in Ero1p and Erv2p9 a strong
structural similarity emerged. This is not 
surprising, because Erv2p also catalyzes 
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Ero1p is the primary source of disulfide bonds in eukaryotes. Its crystal structure now gives us a glimpse into the elegant dance
moves that accompany the formation of disulfides.
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Figure 1 Formation of disulfides within Ero1p. (a) The four helices surrounding the FAD cofactor
(orange) in Ero1p (light green) align with those in Erv2p (light blue). Erv2p is structurally related to the
ERV domain (blue) in the quiescin/Sox (QSOX) family of thiol oxidases. A thioredoxin-like domain
(yellow) is covalently attached to the ERV domain in the QSOX family members. In E. coli, the
membrane protein DsbB (light purple) catalyzes de novo disulfide formation. The reaction mechanism
for generating disulfides in Ero1p shares significant parallels with that in DsbB, although the cofactor
in DsbB is a quinone molecule (Q). (b) Ero1p generates disulfides de novo in the endoplasmic
reticulum. The FAD cofactor is buried deep within Ero1p. It interacts with an oxygen molecule (dark
blue) to generate a disulfide bond between the nearby cysteines, Cys352 and Cys355. This disulfide is
then likely transferred to the Cys100-Cys105 pair. This disulfide is located on a flexible loop of the
protein, which could move through the protein and bring the disulfide in contact with a protein
disulfide isomerase (PDI). After the disulfide is transferred to PDI, this enzyme then donates it to
substrate proteins catalyzing their oxidative folding.
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oxygen-dependent disulfide bond formation
and was isolated as a protein whose overex-
pression can rescue the disulfide bond cataly-
sis defect of a Ero1p mutant10. 

In addition to utilizing FAD as a cofactor,
there are a number of clear structural simi-
larities between Erv2p and Ero1p (Fig. 1a).
The four α-helices surrounding the FAD
cofactor of the enzymes align; the FAD
cofactor is found in a similar bent conforma-
tion in both enzymes; and four of the
residues involved in interaction with the
FAD cofactor are identical between the two
enzymes. Importantly this includes the well-
conserved Cys352-Cys355 pair that may be
directly oxidized by FAD. Both Ero1p and
Erv2p also have mobile cysteine-containing
polypeptide segments that may interact
directly with this disulfide buried in the cat-
alytic core of the enzyme9. The Erv2p and,
now, Ero1p structures6,9 of Fass and col-
leagues have important implication for the
mechanism of the QSOX family of sulfhydryl
oxidases and vice versa.

There are a number of differences in the
structures of Erv2p and Ero1p that may
imply significant differences in mechanism.
These include the absence of an obvious oxy-
gen channel in Ero1p and very significant
differences in overall enzyme topology and
size. But it is my feeling that the similarities
are sufficient to predict that the reaction
mechanism of Ero1p and that of the QSOX
family will turn out to be very similar
indeed. In any case, much can be learned and
many testable hypotheses generated by care-
fully applying to Ero1p what has already
been learned from the biochemistry of the
QSOX family of sulfhydryl oxidases7.

QSOX enzymes are found in all multicellu-
lar organisms and catalyze the formation of
disulfide bonds in proteins and small mole-
cules with the reduction of molecular oxygen
to hydrogen peroxide. These enzymes contain
both a FAD prosthetic group, and multiple
cysteines that, like in the Erolp system, seem
to have a chain of cysteine pairs that allow for
the transfer of a disulfide bond from one pair
to the next in a defined order7,11. One key dif-
ference between the QSOX enzymes and the
Ero1p oxidative family is that in the QSOX
enzymes a natural fusion has taken place
between an Erv2p-like domain and a thiore-
doxin-like domain, whereas for the ER oxida-
tive system, these domains are located on
separate proteins, the Ero1p and the PDI 
family members, respectively11 (Fig. 1a). It is
almost as if in the case of the QSOX enzymes
the Erv2p and thioredoxin dance partners
have become so intimate that evolution has
chosen to increase their grace and efficiency
by joining them at the hip.

One key question is that of the overall reac-
tion scheme. The QSOX and Erv family of
sulfhydryl oxidases couple the oxidation of
cysteine thiols to the reduction of oxygen to
hydrogen peroxide. It is not yet clear if Ero1p
performs the same reaction. If it turns out that
the catalytic mechanism of Ero1p does closely
resemble that of the Erv2p/QSOX family, the
solution of the structure of Ero1p gains even
more significance. By pointing out this simi-
larity, the formerly misty path toward under-
standing how disulfide bonds are generated
de novo in eukaryotes becomes much clearer.

There are also a number of very significant
parallels between this mechanism and the
method of generating disulfides in prokary-

otes. In Escherichia coli, the DsbB protein gen-
erates disulfides12, but here the oxidizing
power comes from a tightly bound quinone
rather than an FAD molecule (Fig. 1a). Thus,
DsbB is a ubiquinone-containing quinone
reductase that passes electrons to members of
the respiratory chain13. In DsbB the disulfide
is generated from a pair of cysteines near the
quinone. This disulfide is passed on to a 
second pair of cysteines, then on to a 
thioredoxin-like protein called DsbA and
finally on to substrate proteins. The overall
scheme in which disulfides are generated in
the core of an enzyme by reduction of a
bound cofactor, these disulfides are then
passed off to a more flexible loop or arm and
then on to a thioredoxin-like module seems
to be a very general reaction scheme that
applies to both eukaryotic and prokaryotic
organisms.
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