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Abstract. Assembly of functional major histocompatibil-
ity complex (MHC) class I peptide complexes within the
endoplasmic reticulum is critically important for the de-
velopment of an adaptive immune response. The highly
regulated loading of peptides onto MHC class I mole-
cules is controlled by a multi-component chaperone sys-
tem called the MHC class I peptide loading complex. The
recent identification of the thioredoxin family member
ERp57 as a component of the loading complex led to an
interesting question: Why is there a thiol-disulfide oxi-
doreductase inside a complex dedicated to inserting pep-
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tides into a receptor binding site? Most recently, specific
ERp57-mediated disulfide bond rearrangements have
been identified inside the loading complex. What these
biochemical events mean for the peptide loading process
remains a matter of conjecture. While several important
questions wait to be answered, this review intends to sum-
marize our current view of the oxidative folding of MHC
class I molecules and addresses the question of how the
receptor ligand interaction might be regulated by thiol-
based redox reactions.
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Antigen processing and presentation

Upon entry of host cells, viruses and bacteria have
evolved mechanisms to avoid direct contact with the im-
mune system. To nevertheless expose the presence of mi-
crobes, pieces of foreign antigens are displayed on the
surface of infected cells, a process termed antigen pro-
cessing and presentation. Two major pathways of antigen
processing have been recognized. Foreign proteins inter-
nalized by endocytosis are typically processed and pre-
sented by the so-called major histocompatibility complex
(MHC) class II pathway [1]: the proteolytic environment
of the endocytic pathway generates peptides that bind to
peptide receptors known as MHC class II molecules. Fol-
lowing transport to the cell surface, MHC class II-peptide
complexes are screened by CD4+ T cells for the presence
of foreign antigens. In contrast, foreign proteins located

in the cytoplasm are typically processed and delivered by
the so-called MHC class I pathway [2, 3]: they are first
degraded by the proteasome and other cytosolic pro-
teases, giving rise to peptide fragments which are subse-
quently translocated into the endoplasmic reticulum
(ER). Once inside the secretory pathway, suitable pep-
tides are bound to a related class of peptide receptors, the
MHC class I molecules. Receptors loaded with peptides
then travel to the cell surface for presentation to CD8+ 
T cells, which in turn trigger effector mechanisms lead-
ing to destruction of the infected host cell. Antigen pro-
cessing and presentation is a shared feature of jawed ver-
tebrates [4] and the foundation of adaptive immunity.
Given the importance of antigen presentation for immune
function, the process of loading peptides onto the MHC
class I peptide receptor is expected to be tightly regulated.
Peptide receptors are polymorphic, and different alleles



have different requirements for stable peptide binding.
Depending on the specific MHC class I allele, peptides
must possess certain chemical properties in order to fit
tightly into the binding groove of a peptide receptor [5].
The process of peptide binding should select for high-
affinity ligands, as peptides should not dissociate during
transport to and on arrival at the cell surface. In general,
it seems essential that nonfunctional or partially func-
tional peptide receptors not reach the plasma membrane
where their presence could give rise to erroneous signals.
The quality control of peptide binding and receptor as-
sembly is not yet fully understood, and this review will
discuss some new evidence demonstrating a crucial role
for disulfide bond isomerization in this process. 

The peptide loading machinery

Peptide loading onto MHC class I receptors takes place
inside the ER, a compartment specialized in the folding
and assembly of secretory and membrane-bound proteins
[6]. While waiting for suitable peptides to bind within the
peptide binding groove, the MHC class I molecule is sur-
rounded by several ER-resident proteins which facilitate
the peptide loading process [7]. This multi-component
machinery is called the MHC class I loading complex.
After successful peptide binding, the loading complex
disassembles and releases the loaded MHC molecule to
continue its journey along the secretory pathway to the
cell surface.
Thus far, seven different polypeptides have been recog-
nized as components of the loading complex (fig. 1). The
transporter associated with antigen processing (TAP) is a
heterodimeric transmembrane protein specialized in
translocating peptides from the cytosol into the ER [8]. It
is in direct contact with tapasin, a type I transmembrane
protein whose only known cellular function is in the con-
text of MHC class I maturation [9]. Tapasin provides a
physical bridge between the TAP transporter and the
MHC class I molecule, thereby bringing the receptor in
close proximity to the peptide source. In addition, tapasin
is actively involved in the peptide loading process, mak-
ing peptide loading much more efficient [10, 11]. How-
ever, the mode and mechanism by which tapasin modu-
lates peptide binding to class I molecules remains to be
understood. The MHC class I peptide receptor itself is
composed of two separate chains, the glycosylated heavy
chain (HC) and the associated b2-microglobulin (b2m).
Inside the loading complex, class I HC is associated with
the ER-resident lectin calreticulin (CRT) [12]. This inter-
action is mediated by the N-linked glycan, which pro-
vides a binding site for CRT [13]. Most recently, the thiol-
disulfide oxidoreductase ERp57 has been recognized as
an additional component of the loading complex
[14–16]. ERp57, a member of the protein disulfide iso-
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merase (PDI) family, is known to be recruited to incom-
pletely folded glycoproteins by interaction with either
CRT or calnexin (CNX) [17]. ERp57 is composed of four
thioredoxin (TR) domains, two of which carry the active
site motif CXXC [18]. Unlike tapasin, CRT and ERp57
are general chaperones of glycoprotein folding in the ER
[19]. 

A role for thiol oxidation in peptide selection 
and loading?

The identification of ERp57 as a component of the load-
ing complex led to an interesting question: Why is a thiol-
disulfide oxidoreductase part of a complex dedicated to
inserting peptides into a receptor binding site? Does
ERp57 exercise redox activity in this complex? If yes,
does it act on disulfide bonds in the MHC class I mole-
cule? Like all newly synthesized membrane proteins,
MHC molecules are cotranslationally inserted into the
ER with their cysteine residues fully reduced. Productive
folding and assembly inside the ER lumen is accompa-
nied by formation of the correct disulfide bonds. An elab-
orate quality control system allows only correctly folded
and assembled proteins to leave the ER and to proceed to
the cell surface [19]. Accordingly, formation of the cor-
rect set of disulfide bonds is typically required to pass
quality control [19]. It is, however, not clear why disul-
fide bond formation in the class I molecule should relate
to peptide binding, since disulfide bond formation might

Figure 1. Composition of the MHC class I loading complex. Pep-
tides are translocated into the lumen of the ER by the transporter as-
sociated with antigen processing (TAP). The type I transmembrane
glycoprotein tapasin provides a bridge between TAP and the peptide
receptor, which is composed of heavy chain (HC) and b2-mi-
croglobulin (b2m). While tapasin carries a deglucosylated glycan,
the incompletely folded MHC heavy chain displays a glycan with a
single terminal glucose residue (G). This specific glycan is bound
by the lectin calreticulin (CRT), which in turn provides a binding
site for the thiol-disulfide oxidoreductase ERp57. The two terminal
domains of ERp57 harbor active sites (CXXC).



well be completed prior to the peptide selection and load-
ing process. If disulfide bond formation is complete prior
to peptide loading, the receptor would attain its native
state upon peptide binding without any further redox
chemistry taking place. Apart from the presence of
ERp57, is there any other indication for a connection be-
tween thiol redox chemistry and peptide binding? 

Disulfide bonds present in the mature MHC class I
molecule

Assuming that ERp57 is acting on the MHC class I mol-
ecule within the loading complex, which of the cysteines
or disulfide bonds might be targeted by its redox activity?
The mature MHC heavy chain harbors two disulfide
bonds, one located in the membrane-proximal a3 domain
and one in the a2 domain which forms part of the peptide
binding groove. b2-Microglobulin contributes another
disulfide bond to the heterodimeric peptide receptor 
(fig. 2A). Two of the three disulfide bonds are part of
classical immunoglobulin (Ig) folds, namely those of b2m
(Cys25-Cys80) and the a3 domain of heavy chain
(Cys203-Cys259). Immunoglobulin domains are inde-
pendent folding units, and their conserved disulfide bond

becomes buried in the hydrophobic core [20, 21]. Once
formed, these disulfide bonds are unlikely to participate
in further thiol-disulfide exchange reactions.
Unlike the ubiquitous immunoglobulin fold, the fold
characteristic of the MHC peptide binding groove (a1/a2
domain) has so far only been found in MHC molecules
and their close relatives. As revealed by the crystal struc-
ture of MHC class I [22], the disulfide bond of the a2 do-
main (Cys101-Cys164) is located at the fringe of the pep-
tide binding groove, forming a link between the b-sheet
floor and the a2 helix bordering the groove (fig. 2B). The
disulfide bond is in close proximity to the hydrogen-
bonding network that anchors the N-terminal amino
group of  the peptide ligand in the peptide binding groove
[23] (fig. 2C), and it seems likely that the overall arrange-
ment of this crucial binding site would be significantly
compromised if cysteines 101 and 164 were not involved
in a disulfide bond. Therefore, the structure of MHC class
I peptide complexes suggests that oxidation of the a2 cys-
teines is a prerequisite for stable peptide binding. In fact,
the importance of complete heavy chain oxidation for
peptide binding has been observed experimentally. As
measured by conformation-specific antibodies, peptide
binding converts oxidized, but not reduced, Ld molecules
to fully conformed complexes [24]. In vitro, assembly of
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Figure 2. (A) Disulfide bonds in the mature MHC class I peptide complex. The heavy chain harbors two disulfide bonds, one located in
the membrane-proximal a3 domain (Cys203-Cys259) and one in the a2 domain (Cys101-Cys164), which forms part of the peptide bind-
ing groove (peptide shown in red). b2-Microglobulin contributes another disulfide bond to the heterodimeric peptide receptor (Cys25-
Cys80). Two of the three disulfide bonds are part of classical immunoglobulin (Ig) folds, namely those of b2-m and the a3 domain of heavy
chain. (B) Top-down view of the MHC peptide binding domain. The a2 disulfide bond (Cys101-Cys164) is located at the fringe of the pep-
tide binding groove, forming a link between the b-sheet floor and the a2 helix bordering the groove. The N-terminal portion of the peptide
(red) is in close proximity to the disulfide bond. (C) Proximity between the N-terminal hydrogen-bonding network and the a2 disulfide
bond. The N-terminus of the peptide ligand is typically hydrogen bonded to the hydroxyl groups of four tyrosine residues, three of which
are shown in the figure (the a1 helix has been omitted for clarity). Two of the tyrosine residues (Tyr-159 and Tyr-171) are located on the a2

helix and close to Cys-164. It appears likely that the stereochemical arrangement required for the hydrogen-bonding network depends on
the prior formation of the Cys101-Cys164 disulfide bond (shown in yellow and as a space-filling model). The figure has been created us-
ing PDB entry 1HHG (HLA-A2 complexed with a nonameric peptide from gp120).



recombinant class I molecules is most effective when
disulfide bonds are formed prior to peptide binding [25].
The available MHC class I structures also demonstrate
that the presence of the peptide ligand contributes to the
burial of the a2 disulfide bond. A peptide of appropriate
affinity could therefore shield or make the Cys101-
Cys164 disulfide bond less accessible to reduction by
ERp57. This was further suggested by the in vitro obser-
vation that partially folded molecules are susceptible to
reduction by ERp57, whilst fully folded or peptide-
loaded MHC class I molecules were resistant to ERp57-
mediated reductase activity [26]. Therefore, the spatial
proximity between the a2 disulfide bond and the peptide
binding site suggests a possible relationship between
thiol redox state and occupation of the peptide binding
groove.
How is the maturation of MHC class I molecules affected
when the Cys101-Cys164 disulfide bond is genetically
disrupted? A somatic mutation of Cys-164 (C164Y) in
the mouse Kb molecule was found to be responsible for
the loss of surface expression of this allele in a tumor cell
line [27]. A Cys-101 mutant (C101S) of the mouse 
H-2Ld molecule is poorly expressed on the cell surface
and was found to be deficient in its interaction with the
loading complex [24, 28–30]. Mutation of either Cys-
101 (C101S) or Cys-164 (C164A) in HLA-A2 led to im-
paired maturation and reduced surface expression (5% of
wild type) [31]. HLA-A2 cysteine mutants (C101A,
C164A) also fail to integrate into the MHC class I load-
ing complex [T. Dick and P. Cresswell, unpublished ob-
servations]. As a result, the a2 cysteine mutants could not
be used to study the role of the a2 disulfide bond in the
context of peptide loading. Unfortunately, double mu-
tants lacking both cysteines have not been analyzed, and
it remains unclear whether the observed defect in matu-
ration is really the result of a missing disulfide bond or,
alternatively, the creation of an unpairable cysteine. 
Considering the deleterious effects of a2 cysteine muta-
tions for the maturation of class I molecules, it is not sur-
prising that the a2 disulfide bond is highly conserved.
Both a2 cysteines have been found in all class I molecules
that have been sequenced, including representatives from
cartilaginous fish, bony fish, amphibians, reptilians and
mammals [32–34]. Interestingly, nonclassical MHC
class I molecules also have a conserved Cys101-Cys164
disulfide bond. Inspection of the current Pfam database
[35], entry PF00129 (class I histocompatibility antigen,
domains alpha 1 and 2; 3786 entries, June 2003), reveals
very few exceptions to this pattern. No sequence lacking
both cysteines has been reported. There is only one se-
quence lacking cysteine-101, representing PD6, an ex-
pressed MHC molecule from the miniature swine (Sus
scrofa) [36]. Another five sequences in the database carry
substitutions in position 164. One of these sequences, a
class I molecule from the chimpanzee, encodes a cysteine

in position 168 instead of position 164 [37]. Since residue
168 is a close neighbor of residue 164 in the a2 helix and
is also oriented towards the b sheet, this MHC molecule
possibly forms an alternative disulfide bond (Cys101-
Cys168). It is, however, possible that some of the appar-
ent exceptions are the result of sequencing errors or the
sequencing of pseudogenes.
It is also interesting to compare the location of disulfide
bonds between the peptide binding domains of MHC
class I and class II molecules which are homologous and
structurally comparable [38]. While the class I peptide
binding domain folds from a single chain, the class II
peptide binding domain is assembled from two separate
chains (a and b). A comparison of class I and class II
crystal structures shows that the class I a1 domain corre-
sponds to the a1 domain of class II a chain and that the
class I a2 domain corresponds to the b1 domain of the
class II b chain. As expected by this assignment, two cys-
teines, in positions homologous to those of the class I a2

domain, are found to be absolutely conserved in the MHC
class II b1 domain (see Pfam PF00969). Correspondingly,
no such cysteines are present in the MHC class II a1 do-
main (with the exception of DM molecules and a chains
from bony fish, see Pfam PF00339). 
Given the universal conservation of the class I a2 disulfide
and its homologous class II b1 disulfide, bond formation
could be an intrinsic requirement for the correct folding of
the domain, independent of the nature of the ligand or the
function of the resulting receptor. However, if the quality
control machinery in the ER operates such that any MHC
molecule with an unpaired single cysteine in one location
is predominantly retained and degraded, any alteration is
strongly selected against and loss of both cysteines would
be extremely unlikely, no matter how important the actual
disulfide bond is for folding or stability. 

Mechanisms of disulfide bond formation in the ER

Oxidative protein folding, i.e. folding with simultaneous
introduction of disulfide bonds, is the central function of
the ER. According to the prevailing view, the purpose of
disulfide bond formation is stabilization of native protein
structure. It is reasoned that extracellular proteins are ex-
posed to variable and disruptive environments, posing
higher demands on protein stability. Disulfide-mediated
conformational stability is also thought to increase resis-
tance against extracellular proteases. In contrast, intracel-
lular proteins are considered to be situated in more pro-
tected and homeostatic environments, posing reduced de-
mands on protein stability. Our understanding of the
mechanism of disulfide-mediated stabilization is, how-
ever, incomplete [39, 40].
Although there is no doubt that disulfide bonds have the
potential to contribute to overall protein stability [41],
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this does not necessarily mean that all disulfide bonds
have this function. Certain disulfide bonds are required
for in vivo protein folding, but nevertheless do not con-
tribute to stability. For example, the disulfide bridges of
the cystine knot motif, a domain found in various extra-
cellular signaling molecules, do not contribute to the
thermodynamic stability of the folded state [42]. Apart
from restricting the conformational space during folding,
disulfides have the potential to guide the ER quality con-
trol machinery directly, as exposed disulfide bonds or
free cysteines frequently indicate malfolded or incom-
pletely folded structures. In fact, cysteines exposed in the
ER have been found to serve as signals for assembly, re-
tention and degradation [43]. 
Until recently, oxidized glutathione (GSSG) was widely
considered to be responsible for the de novo generation of
protein disulfide bonds inside the ER. This conclusion
was primarily based on the observation that the ratio of
oxidized (GSSG) to reduced glutathione (GSH) is higher
inside the ER (GSSG/GSH ~0.33–1) as compared with
the cytosol (GSSG/GSH ~0.01–0.03) [44]. However,
new evidence has led to a remarkable reevaluation of the
role of glutathione in the ER. It has been recognized that
the glutathione system does not participate in protein
thiol oxidation [45] and, in opposition to previous belief,
acts as a net reductant for disulfide bonds in the ER [46].
Instead, protein thiol oxidation is facilitated by specific
protein-protein interactions [47]. Substrate proteins are
first oxidized by the thiol-disulfide oxidoreductase pro-
tein disulfide isomerase (PDI), a member of the thiore-
doxin superfamily. In turn, PDI is reoxidized by Ero1, a
lumenal protein associated with the ER membrane [48].
Ero1 was shown to couple disulfide bond formation di-
rectly to the consumption of oxygen [49].
In the ER there exist several additional thiol-disulfide ox-
idoreductases of the PDI family, including ERp57,
ERp72, ERp44 and P5 [18]. Since PDI has been found to
be responsible for the shuttling of electrons between Ero1
and folding substrates, what is the function of these other
redox enzymes? Are their functions distinct or redun-
dant? In the periplasmic thiol oxidation system of
prokaryotes, different oxidoreductases are dedicated to
distinct pathways, either oxidation or reduction and iso-
merization [50]. It is therefore reasonable to assume that
the various eukaryotic PDI homologues are differentiated
in terms of redox potential and/or specialized for the mat-
uration of distinct sets of proteins or protein domains.
In fact, ERp57 operates in a distinct pathway together
with CNX and CRT to facilitate folding of proteins con-
taining N-linked glycans. This ERp57-specific pathway
has been named the calnexin/calreticulin cycle and has
been studied extensively [19, 51, 52]. Following transfer
of the core oligosaccharide to a glycosylation site in the
nascent chain, two glucoses are removed by glucosidases
I and II. The resulting monoglucosylated glycoprotein

then interacts with CNX or CRT [13, 53]. Either lectin in
turn recruits ERp57 into the complex through an ex-
tended armlike domain which is termed the P-domain
[54–56]. ERp57 interacts with the folding substrate and
may engage in mixed disulfide intermediates. Cleavage
of the remaining glucose by glucosidase II terminates the
interaction. If the released protein is not yet properly
folded, it will be recognized and reglucosylated by UDP-
glucose:glycoprotein glucosyltransferase (UGT), which
acts as a sensor for unfolded protein structures [57]. Upon
reglucosylation reassociation with CNX/ERp57 or
CRT/ERp57 takes place and the cycle is restarted. 
How is the glucosylation/deglucosylation cycle coupled to
ERp57 redox activity? When mixed disulfide intermediates
between ERp57 and its substrates are stabilized by ERp57
active site mutations (C60A, C409A), CNX and CRT re-
main stably associated with the trapped substrate proteins
[58]. This observation might suggest that reduction of
mixed disulfide intermediates is a requirement for the next
step in the cycle to take place, trimming by glucosidase II.
Accordingly, exposed cysteines might regulate the transi-
tion points of the deglucosylation/glucosylation cycle. 
Most importantly, the nature of the in vivo redox activity
of ERp57 remains unknown. Although it is clear that
ERp57 is capable of forming mixed disulfide intermedi-
ates with substrate proteins [59], there are several possi-
bilities for its specific function: (i) ERp57 may predomi-
nantly function to create new disulfide bonds. However,
unlike PDI, ERp57 does not interact with Ero1 [60], but
other reoxidation pathways may exist that have yet to be
recognized. (ii) ERp57 might be dedicated to the reduc-
tion of exposed disulfide bonds, possibly to initiate retro-
translocation and degradation of malfolded proteins [26].
(iii) ERp57 might be dedicated to the reshuffling of ex-
isting disulfide bonds. (iv) ERp57 might engage in more
than one kind of redox reaction and possibly use its two
active TR-like domains in different ways. 

Early oxidation of the MHC class I heavy chain

Returning to the specific case of the MHC class I mole-
cule, what do we know about the generation of disulfide
bonds in the class I heavy chain? Disulfide bond forma-
tion in the a3 domain has been found to be fast and effi-
cient [61]. It is, however, not clear which oxidoreductase
catalyzes the formation of the a3 disulfide bond. Nascent
immunoglobulins have been found to interact with PDI
[62], and oxidoreductase requirements for the folding of
Ig domains might be conserved. Accordingly, the oxida-
tion of the a3 domain might be facilitated by electron
transfer along the Ero1-PDI axis. 
The formation of the a2 disulfide bond has been studied
in more detail. Based on the reactivity of domain-specific
antibodies with class I molecules translated in vitro, it
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was concluded that in the absence of b2m the a3 disulfide
is formed but the a2 disulfide is not [63]. In vivo studies
with b2m-negative cells confirmed that b2m association is
required for either the formation or maintenance of the a2

disulfide [64]. The association of free heavy chain with
b2m later turned out to be synonymous with the assembly
of the complete loading complex [12], and two studies
have since provided evidence for the complete oxidation
of heavy chain before its integration into the loading
complex [24, 61]. The observation that some class I alle-
les form mature peptide complexes independent of
tapasin [65] also implies that formation of the peptide
loading complex is not a requirement for the complete
oxidation of HC. Taken together, it seems that full oxida-
tion takes place in free heavy chains, and that the a2 disul-
fide remains highly unstable unless integrated into the
loading complex. This suggests that the loading complex
somehow protects the a2 disulfide bond from reduction,
either passively, by shielding it from reductants, or ac-
tively, by providing a reoxidizing activity (or both).
Which agent might be responsible for reducing the a2

disulfide after its initial formation?
Reduced glutathione is the main reductant of the ER, and
it probably targets disulfide bonds as they become ex-
posed in incompletely folded protein domains [46].
Therefore, the loading complex might primarily provide
protection against GSH-mediated reduction, possibly by
shielding the disulfide bond until it finally gets buried in
the peptide-MHC complex. Tapasin, CRT or ERp57
might contribute to the spatial exclusion of GSH or other
reductants. Alternatively, if the a2 disulfide remains vul-
nerable to reduction inside the loading complex, ERp57
might actively facilitate its reoxidation. If GSH attacks
the a2 disulfide bond, a glutathione-heavy chain mixed
disulfide would be generated. Might ERp57 be special-
ized in the regeneration of intrachain disulfides from
mixed glutathione-protein disulfides? Alternatively, if the
a2 disulfide becomes fully reduced, ERp57 might engage
in de novo oxidation.
If the HC is oxidized prior to its integration into the load-
ing complex, how is the a2 disulfide bond formed in the
first place? Class I HC becomes associated with CNX
shortly after its synthesis [66]. ERp57 is known to be re-
cruited by CNX and has been detected in these early
MHC class I folding complexes [15, 16, 67]. Hence, early
involvement of ERp57 in conjunction with CNX might
be responsible for the primary oxidation of the a2 cys-
teines. In fact, all three redox states of heavy chain (0, 1
and 2 disulfide bonds) have been found to be associated
with CNX [61]. Given the independent folding of the a3

Ig domain, it is likely, though not proven, that the correct
pairing of the cysteines has taken place at this stage. To
date, the participation of PDI in a2 disulfide formation
cannot be excluded, but there are no indications for its in-
volvement, either. 

Disulfide bond isomerization inside the loading
complex

To identify cysteines targeted by ERp57 inside the load-
ing complex, a trapping method was applied [58]. The ba-
sic principle of trapping involves the expression of an
affinity-tagged oxidoreductase lacking the downstream
cysteine of the thioredoxin motif (CXXC), thereby allow-
ing the enzyme to form mixed disulfide intermediates
with target molecules (via the N-terminal cysteine), but
preventing nucleophilic attack by the C-terminal cysteine
that would normally break the mixed disulfide bond. In
an independent approach, cells expressing wild type
ERp57 were treated with the alkylating agent N-ethyl
maleimide (NEM) prior to lysis to protect labile disulfide
intermediates. Both approaches led to the identification
of tapasin as a target of ERp57 redox activity inside the
loading complex [68]. Under the same conditions, no
disulfide intermediate with MHC class I could be identi-
fied. 
Upon further analysis, it was seen that all the ERp57 and
tapasin molecules inside the loading complex are linked
to each other by a defined disulfide bond. This exclusive
conjugation at steady state was rather unexpected be-
cause mixed disulfide intermediates usually are short-
lived and only detectable in a small fraction of the mole-
cules at any given time [59]. The most likely explanation
for this phenomenon is that the class I loading complex
represents a stalled folding intermediate with a ‘frozen’
transitional disulfide. Since the loading complex is wait-
ing for an appropriate peptide to complete the folding
process, it might be arrested in a transitional state until
this happens. 
Disulfide bonding with tapasin is specifically mediated
by cysteine-57, the upstream cysteine of the TR motif in
the N-terminal domain of ERp57 (C57XXC60). Interest-
ingly, it was found that certain mutations in the C-termi-
nal TR motif (C406XXC409), specifically replacement of
Cys-406, abolish tapasin conjugation to the N-terminal
domain [68]. This finding indicates cooperativity be-
tween the two TR domains of ERp57 and implies that the
C-terminal domain participates in the disulfide bond ex-
change leading to tapasin conjugation at the N-terminal
domain. Within tapasin, cysteine-95 was identified as the
ERp57-conjugating residue. Cys-95 represents an un-
paired cysteine, since the other two cysteines in the N-ter-
minal domain (Cys-7, Cys-71) form a disulfide bond
with each other, at least in those tapasin molecules out-
side the loading complex. A tapasin mutant of cysteine-
95 (C95A) stably assembles with TAP, heavy chain-b2m
dimers, and CRT. However, interaction with ERp57 is not
detectable in this complex. It appears that the tapasin-
ERp57 mixed disulfide is a major cause for retention of
ERp57 inside the loading complex. The partial loading
complex (lacking ERp57) was found to be deficient in
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class I peptide loading. Moreover, the HC associated with
this complex was found to be partially reduced, indicating
that the a2 disulfide bond is prone to reduction in the ab-
sence of Cys-95 of tapasin and, ultimately, ERp57 [68].
Because heavy chains associated with the wild type load-
ing complex are fully oxidized (as expected for peptide-
receptive HC-b2m dimers), the tapasin cysteine mutation
and the concomitant loss of ERp57 association seem to
inactivate the mechanism by which HC is kept in a fully
oxidized state. If HC is actively reoxidized by either
ERp57 or tapasin, mixed disulfide intermediates should
exist. However, no other mixed disulfide intermediates
involving HC have been identified inside the loading
complex, neither ERp57-HC, nor tapasin-HC. Maybe
these intermediates, if they exist, are extremely short-
lived and difficult to detect.
In contrast, the detection of mixed disulfide intermedi-
ates between class I HC and ERp57 outside the loading
complex has been reported [26, 69]. These conjugates
most likely represent early folding intermediates of cal-
nexin-associated heavy chain, rather than b2m-associated
dimers [3]. However, it remains to be shown that the for-
mation of the reported disulfide-linked conjugates actu-
ally involves the a2 cysteine residues Cys-101 or Cys-
164. Several MHC class I alleles, including HLA-B27,
HLA-Cw*01 and Kb, feature additional cysteines in their
a1 or a2 domains, and it is therefore possible that forma-
tion of the reported conjugates depends on these addi-
tional cysteines. 
Taken together, it is now established that disulfide bond
isomerization takes place inside the class I loading com-
plex and that it involves at least two participants: tapasin
and ERp57. Several important questions remain unre-
solved: does the heavy chain a2 disulfide bond engage in
thiol-disulfide exchange with ERp57 or tapasin? If yes,
how does isomerization of the a2 disulfide bond relate to
the regulation of peptide binding? If not, how would
disulfide bond exchange between ERp57 and tapasin
serve the selection and loading of peptide ligands?

Discussion and outlook

There is little doubt that the operational principle of the
MHC class I peptide loading machine is a specific case of
general ER quality control, guided by the same princi-
ples. This assumption has been reinforced recently by
glycan analysis of the loading complex [70]. 
Peptide loading into MHC class I receptors is a situation
similar to other temporarily interrupted assembly
processes taking place inside the ER: incompletely folded
domains with cysteine residues are waiting for their cor-
rect interaction partners, which may be distant domains in
the same protein chain, different protein chains or other
ligands. The triggering of MHC release by peptide bind-

ing is reminiscent of the pharmacological chaperone con-
cept, which refers to small-molecule ligands that target a
specific protein during folding in the ER [71]. Ligand
binding stabilizes native-like conformers able to interact
with the ligand and thereby shifts the equilibrium from
incompletely folded to native forms of the protein. Typi-
cally there is a correlation between ligand-binding affin-
ity and ligand-mediated rescue. For example, retinol-
binding protein (RBP) is retained in the ER until it binds
retinol [72]. Interestingly, retention and release of RBP
has been associated with CNX association and thiol re-
dox activity [73, 74].
Recent studies of cotranslational hemagglutinin folding
indicate an approximate correlation between the location
of glycans and critical cysteines along the protein chain
[75]. Glycans seem to be strategically located in the
vicinity of cysteine residues, which are in need of protec-
tion against inappropriate interactions or rearrangements.
Lone cysteines or exposed disulfides appear to be
shielded by CNX/ERp57 or CRT/ERp57 until other parts
of the chain or specific cysteines become available as in-
teraction partners. ERp57 may predominantly target free
cysteines and recruit them into mixed disulfide interme-
diates using its TR domains. These mixed disulfides
might then be converted into intradomain disulfide bonds
(if another free cysteine is available nearby), or literally
remain ‘on hold’ until a cysteine becomes available by in-
teraction with another domain or protein. The continued
engagement of ERp57 with ‘unpairable’ single cysteines
might lead to very long-lived mixed disulfide intermedi-
ates and extensive folding delays. Only the appropriate
interaction partner will then induce the continuation of
the folding process: the interaction partner might either
provide the ‘missing’ cysteine (e.g. for the formation of a
long-loop interdomain disulfide within the same protein)
or might induce conformational changes that will expose
cysteines or disulfides required for further isomerization.
How could such a scheme relate to MHC class I peptide
binding? In the early HC-CNX complex ERp57 would
probably form very transient disulfide intermediates:
those that lead to the formation of the intradomain a2

disulfide bond. The subsequent association of oxidized
HC with b2m then leads to a replacement of CNX/ERp57
by CRT/ERp57 but also to formation of a binding site for
tapasin. Tapasin carries a single unpaired cysteine (Cys-
95) on its N-terminal domain and thereby entraps ERp57
in a long-lived mixed disulfide intermediate. Accord-
ingly, the entire loading complex gets arrested in a state
that requires an additional interaction partner to induce
the continuation of disulfide isomerization. If the N-ter-
minal portion of tapasin somehow binds into or on top of
the peptide binding groove of the class I molecule,
tapasin could be responsible for protecting the a2 disul-
fide from nonspecific reduction. Incoming peptides
would then have to compete with the N-terminus of

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 553



tapasin for access to the binding groove, possibly ex-
plaining the influence of tapasin on the selection of the
class I peptide repertoire. Displacement of the N-terminal
domain of tapasin by high-affinity peptides might then
induce a conformational change that triggers further
disulfide isomerization and leads to reduction of the
tapasin-ERp57 disulfide bond. The peptide-triggered iso-
merization process might involve the other two cysteines
in the N-terminal domain of tapasin (Cys-7 and Cys-71).
Understanding of class I maturation is currently limited
by our general understanding of oxidative protein folding
and the associated quality control mechanisms. Beyond
that, the thiol redox chemistry of MHC class I molecules
poses additional questions: How are malfolded class I
molecules reduced prior to retrotranslocation? Could the
a2 disulfide bond be a target for oxidoreductases on the
cell surface or inside endosomal compartments? Might
disulfide bond reduction and reoxidation play a role in
peptide exchange? Finally, several members of the MHC
superfamily encode additional conserved cysteine
residues in their a1 or a2 domains. The function of these
additional cysteines remains poorly understood, but it 
has become clear that they can bestow interesting new
properties to MHC class I molecules on the cell surface
[76, 77].
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