
Tissue Antigens ISSN 0001-2815

R E V I E W A R T I C L E

The cell biology of major histocompatibility complex class I
assembly: towards a molecular understanding
A. van Hateren1,3, E. James1,3, A. Bailey1,2,3, A. Phillips3,4, N. Dalchau3,4 & T. Elliott1,3

1 Faculty of Medicine, Southampton General Hospital, University of Southampton, Southampton, UK
2 Faculty of Natural Science and Institute for Life Sciences, Southampton General Hospital, University of Southampton, Southampton, UK
3 Institute for Life Sciences, Southampton General Hospital, University of Southampton, Southampton, UK
4 Microsoft Research, Cambridge, UK

Key words

Major histocompatibility complex, Antigen
presentation, Peptide selection, Peptide
loading complex, Tapasin, ERAAP,
Calreticulin, Immunodominance

Correspondence

Tim Elliott
Faculty of Medicine
Somers Cancer Research Building MP824
Southampton General Hospital
University of Southampton
Southampton, SO16 6YD
UK
Phone: +44 23 8079 6193
Fax: +44 23 8079 5152
e-mail: T.J.Elliott@soton.ac.uk

doi: 10.1111/j.1399-0039.2010.01550.x

Abstract

Major histocompatibility complex class I (MHC I) proteins protect the host from intra-
cellular pathogens and cellular abnormalities through the binding of peptide fragments
derived primarily from intracellular proteins. These peptide-MHC complexes are dis-
played at the cell surface for inspection by cytotoxic T lymphocytes. Here we reveal
how MHC I molecules achieve this feat in the face of numerous levels of quality
control. Among these is the chaperone tapasin, which governs peptide selection in
the endoplasmic reticulum as part of the peptide-loading complex, and we propose
key amino acid interactions central to the peptide selection mechanism. We discuss
how the aminopeptidase ERAAP fine-tunes the peptide repertoire available to assem-
bling MHC I molecules, before focusing on the journey of MHC I molecules through
the secretory pathway, where calreticulin provides additional regulation of MHC I
expression. Lastly we discuss how these processes culminate to influence immune
responses.

Introduction

Since we last discussed major histocompatibility complex
class I (MHC I) antigen presentation in this journal (1)
progress in the field has been extensive. In 2002, we knew that
MHC I molecules are expressed stably at the cell surface only
after acquiring a stable peptide cargo. MHC I assembly occurs
rapidly within the endoplasmic reticulum (ER), with nascent
MHC I heavy chains (HCs) firstly folding and forming the
disulphide bridges necessary to associate non-covalently with
beta 2 microglobulin (β2m). These early events are aided by,
but not dependent upon, the lectin-like chaperone calnexin
and the thiol-oxidoreductase ERp57. HC:β2m heterodimers
quickly acquire a peptide cargo, which involves an initial
cargo being bound which prevents degradation of unassembled
HC:β2m heterodimers. The composition of the initial cargo
may be influenced mostly by the prevalence of peptides
within the ER, and consequently may not be well suited
to the MHC I peptide preference. Subsequently this initial
cargo is exchanged for a higher affinity cargo better suited
to the MHC I allele in a process requiring integration into a
macromolecular peptide-loading complex (PLC), constituting
the transporter associated with antigen processing (TAP), the

lectin-like chaperone calreticulin, ERp57, and the chaperone
tapasin (2–4).

In 2002, only the contribution of TAP and tapasin to
MHC I peptide loading had begun to be assessed, with
the role of calreticulin just emerging, while the function of
ERp57 in the PLC remained unrecognised. TAP is the main
source of peptides for most MHC I alleles, with both TAP
subunits binding and hydrolysing ATP, allowing the transport
of peptides into the ER in a process producing large changes
in TAP structure. In contrast to the dominant role of TAP,
MHC I alleles are differentially affected by the absence of
tapasin. While a subset of MHC I alleles are seemingly
unaffected by tapasin deficiency, most MHC I alleles exhibit
severe deficiencies: fewer MHC I molecules reach the cell
surface, where they have decreased stability and an impaired
ability to present certain antigens to cytotoxic T lymphocytes
(CTL) (5–8). These deficiencies suggest that without tapasin
most, but not all, MHC I alleles fail to exchange their initial
sub-optimal cargo for higher affinity peptides.

Thus, attention focused upon tapasin and functional roles
for this newly identified molecule were rapidly established:
tapasin acts as a molecular bridge crucial to the formation
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of the PLC (4, 9, 10). Mutagenesis established that the ER
luminal domains of tapasin interact with two solvent-exposed
regions in the ER luminal domains of MHC I molecules.
One region comprises a beta strand in the alpha 3 domain
(residues 222–227/229), which is also the binding site for
the CD8 co-receptor (11–13). The second binding site is
a loop in the α2 domain (residues 128–136) which lies
adjacent to the carboxyl-terminal end of the peptide-binding
groove and connects the short α2-1 helix to the β sheets
underlying the peptide-binding groove (14–16). Meanwhile
residues in the C-terminal portion of tapasin associate with
the TAP heterodimer allowing tapasin to: locate peptide-
receptive MHC I molecules next to the peptide portal;
increase TAP expression levels and consequently increase the
amount, but not the rate, at which peptides enter the ER (17,
18). However, association of tapasin and TAP without an
association with MHC I molecules does not restore MHC I
expression, suggesting the ER luminal domains of tapasin
facilitate optimal peptide selection (17). Other roles have been
suggested: in some studies tapasin retains peptide-empty or
sub-optimally loaded MHC I molecules within the ER (19,
20). However, this retention function is not consistently
supported, most notably in tapasin knock-out (KO) mice
where MHC I molecules mature at the same rate as in wild-
type mice (7).

So, by 2002, we had an appreciation of the benefits that
tapasin brings to MHC I peptide loading and possessed
rudimentary knowledge of the regions of tapasin responsible
for these functions. Formalising the molecular interactions
occurring between PLC members and understanding how
these interactions promote editing of the peptide cargo and
expression of stable MHC I molecules have been the Holy
Grail sought by numerous laboratories in the years since.

Structure and composition of the
peptide-loading complex

What is the function of ERp57 within the PLC?

ERp57 is a soluble protein disulphide isomerase (PDI) family
member possessing the ability to make, break and rearrange
disulphide bridges in substrate proteins. ERp57 has four
thioredoxin-like domains (named a, b, b′, a′), with the a and
a′ domains having canonical thioredoxin-like motifs (CxxC
C = cysteine, x = any amino acid) conferring catalytic activ-
ity, separated by catalytically inactive b and b′ domains.
The crystal structure of its orthologue PDI showed a twisted
U-shaped conformation with the catalytic sites at the ends
of the U and a hydrophobic patch with specificity for pep-
tides and small misfolded proteins in the interior of the U
bend (21). Typically PDI proteins form transient disulphide
bridges with their substrate through the N-terminal cysteine of
the thioredoxin motif, which is rapidly resolved in the ‘escape
pathway’ by attack from the C-terminal cysteine, thus forming

an intramolecular disulphide bridge and releasing the sub-
strate. ERp57 interacts directly with some non-glycosylated
proteins to assist their oxidative folding or via the lectin-
like chaperones calnexin and calreticulin to assist oxidative
folding of glycoproteins. In conjunction with calnexin ERp57
catalyses MHC I HC oxidative folding during early assembly
events (22), and further confirming the importance of ERp57
in MHC I biogenesis, few MHC I molecules reach the surface
of ERp57-deficient cells (23). In 2002, a significant step was
taken towards revealing the PLC architecture when it became
apparent that tapasin exists almost exclusively in the PLC
as a semi-stable disulphide-linked heterodimer with ERp57,
involving cysteine 95 (Cys95) in tapasin and Cys57 situated
in the N-terminal thioredoxin motif of ERp57 (24). Thus the
interaction formed with tapasin is unusual, with ERp57 effec-
tively trapped within the PLC.

The presence of ERp57 in the PLC intuitively suggests that
the thiol-oxidoreductase enzymatic activity was the function
selected by evolution. Supporting this possibility are studies
where ERp57 is excluded from the PLC by mutation of tapasin
Cys95. In such cells, although PLCs assemble as normal,
there are some deficiencies in MHC I surface expression, and
significantly there is incomplete oxidation of some, but not
all, MHC I alleles within the PLC (24). Further the detection
of MHC I–ERp57 complexes in such cells suggested that by
conjugating with tapasin, the disulphide bond within the MHC
I peptide-binding groove was protected from being reduced
by PLC-independent ERp57 (24, 25). However, subsequent
findings suggested ERp57 does not perform any enzymatic
function within the PLC:

(1) In ERp57-deficient mouse B cells MHC I molecules
are fully oxidised, suggesting either redundancy exists
among thiol oxidoreductases or non-enzymatic oxida-
tive folding proceeds sufficiently (23). However, PLC
complexes have deficient recruitment of MHC I and
calreticulin, which may account for the decreased sur-
face MHC I expression and impaired CTL responses
(23, 26).

(2) Partial oxidation of some MHC I alleles in tapasin
Cys95 mutant cells might instead represent failure to
acquire a suitable peptide cargo. This may correlate
with the increased propensity of these MHC I alleles
to exist as β2m-free HC (25), leading to the reduction
of intramolecular disulphide bridges which precedes
degradation of unassembled HC.

(3) The a′ domain thioredoxin motif of ERp57 forms an
intramolecular disulphide bridge which is buried at the
interface with tapasin (discussed further below) (27).
Thus, this thioredoxin motif is seemingly unable to
participate in oxidative folding. Indeed mutation of this
motif, while preserving the tapasin–ERp57 conjugate
(ERp57 Cys60/406/409 mutants) does not adversely
affect functionality (22, 28, 29).
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These studies suggest that ERp57 fulfils a structural
role within the PLC; indeed in cellular lysates only the
tapasin–ERp57 heterodimer, and not free tapasin, interacts
with MHC I molecules and facilitates peptide loading (30).
Interaction of ERp57 with both tapasin and calreticulin
may strengthen the individually weak interactions that exist
between these chaperones and MHC I molecules. However,
all might not be quite so simple: Zhang et al. showed that
ERp57 requires no interaction with calnexin or calreticulin to
function, and is recruited to the PLC by tapasin alone (29).
Additionally the authors showed that calreticulin does not
require either the lectin or ERp57-binding sites to associate
with the PLC, and is recruited by means of a poorly defined
polypeptide binding site. These findings are hard to reconcile
with the ‘molecular glue’ hypothesis. However, a recent report
supports such a hypothesis: Del Cid et al. showed that calreti-
culin requires both its glycan and ERp57-binding specificity
to be efficiently incorporated into the PLC (31). Furthermore,
an in vitro study showed that the specificity of calreticulin
for MHC I is strictly dependent upon the MHC I mono-
glucosylated N-linked glycan (32). The contradictory conclu-
sions of these reports may result from different calreticulin
mutants: while the lectin-deficient calreticulin mutant used by
Zhang et al. had a greatly reduced ability to bind glycosy-
lated substrates; the mutant used by Del Cid consistently had
an absolute inability to bind glycans. Therefore, it is possible
that ERp57 collectively strengthens the interactions within the
PLC, a possibility reinforced by an in vitro study showing that
tapasin was fully functional in the absence of ERp57 providing
that tapasin and MHC I are artificially tethered (33).

The tapasin–ERp57 conjugate may also subtly alter PLC
structure or function, perhaps by maintaining a functional
tapasin conformation. Interestingly, the cysteine residue in
tapasin which conjugates with ERp57 is not conserved in
birds or fish, implying that the ERp57–tapasin conjugate is a
relatively recent adaptation. If the tapasin–ERp57 conjugate
maintains a particular tapasin conformation, then in birds and
fish tapasin may be less likely to adopt alternate conforma-
tions (perhaps on account of the extra N-terminal disulphide
bridge), or may use other PLC chaperones for conformational
support. Additionally the tapasin-ERp57 conjugate may pre-
clude access to MHC I from PLC-independent ERp57 or other
thiol oxidoreductases, thus preserving the fully oxidised MHC
I status.

PDI: A second oxidoreductase in the PLC?

Contributing to the complexity of the PLC are the findings
of Park et al., who showed a significant proportion of PDI
associated with the PLC (34); however, this interaction may
be extremely labile, as PLC-incorporated PDI is not consis-
tently found (e.g. Ref (25)). Park et al. suggested PDI per-
forms a crucial enzymatic role within the PLC, with PDI
depletion resulting in: partial MHC I reduction within the

PLC; decreased MHC I maturation and thermal stability;
decreased surface expression of correctly folded MHC I and
decreased ability to mount an antiviral response. Intriguingly
while MHC I expression was severely compromised, the sur-
face expression of several other disulphide bond containing
glycoproteins were unaffected by PDI depletion, suggesting
that MHC I is especially sensitive to the oxidative conditions
within the ER.

The authors dissected the role of individual domains of
PDI by expressing truncated PDI proteins in cells largely
depleted of the endogenous protein. This showed that the
a domain thioredoxin motif and b′ domain peptide-binding
site fully complemented the deficiencies resulting from PDI
depletion. While the peptide-binding capacity initially raised
the possibility that PDI may protect peptides from degradation
and deliver them to peptide-receptive MHC I molecules
within the PLC, Park et al. subsequently established that
peptide was a cofactor or was otherwise required for substrate
interaction (35). Furthermore, PDI was found to interact non-
covalently with ERp57 and tapasin as well as being disulphide
bonded with tapasin. Through these interactions PDI was
suggested to provide a quality-control checkpoint after optimal
MHC I peptide loading whereby PDI controls the reduction
of the tapasin–ERp57 conjugate, thus limiting release of
peptide-loaded MHC I from the PLC. Surprisingly resolution
of the conjugate and control of MHC I egress relied not
upon the a domain thioredoxin motif, but instead upon the
b′ domain peptide-binding capacity. However, this possibility
is not consistent with studies where ERp57 is permanently
conjugated to tapasin (Cys60Ala ERp57 mutants) and is fully
functional (27, 30). Furthermore, a recent report suggests that
PDI associates with the PLC in a distinct fashion, notably
involving a direct interaction with TAP (36). Clearly there
are significant contradictions in the literature; however, the
possibility remains that PDI associates with PLC components,
and by so doing PDI may fulfil a significant structural or
functional role within the PLC.

The tapasin–ERp57 structure

Our understanding of antigen processing and presentation has
been greatly enhanced by the crystal structures of some key
proteins. Thus great anticipation greeted the crystal structure
of tapasin, a feat requiring preservation of the semi-stable
tapasin–ERp57 interaction (Cys60Ala ERp57 mutation) (27).
Even though this long-awaited structure does not illustrate
exactly how tapasin achieves editing of the MHC I peptide
repertoire, the structure does however provide significant
insight.

Despite being conjugated to tapasin, ERp57 adopts a similar
conformation to the orthologous protein PDI, with the a and a′

domains using equivalent surfaces to bind to tapasin. There
is the expected intermolecular disulphide bridge between
ERp57 Cys57 and tapasin Cys95, while the a′ thioredoxin
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motif forms an intramolecular disulphide bond buried at the
interface with tapasin. The b and b′ domains arch away from
tapasin to form a cavity 10–30 Å in diameter. Comparison
of the a and a′ domains of ERp57 and PDI showed no
significant alterations which might inactivate the a domain
escape pathway. Instead, the stability of the tapasin–ERp57
conjugate may be a consequence of both the a and a′ domains
interacting with tapasin, resulting in a large shared surface area
with numerous non-covalent interactions. It is noteworthy that
mutation of either thioredoxin motif ablates the association
with tapasin (24). While the effect of mutating the a domain
motif is obvious, the effect of mutating the a′ domain motif
is more subtle, and suggests that this buried intramolecular
disulphide bridge maintains ERp57 in a stable conformation
permitting an interaction to occur.

Tapasin assumes an inverted L shape, with two intramolec-
ular disulphide bridges (Cys7–Cys71 and Cys295–Cys362,
Figure 1A) (27). As anticipated (37) there is a C-terminal
immunoglobulin-like (Ig) domain which forms the (usually)
membrane proximal base of the structure. Above this is a

novel three tiered β-sandwich N-terminal domain, which is
expected to be level with the MHC I peptide-binding groove
and therefore potentially influencing peptide selection. Indeed
a recombinant 87 amino acid N-terminal tapasin fragment
possesses MHC I chaperone-like activity (38). Most of the
loops linking β strands within this domain are well organ-
ised, but three loops are consistently insufficiently structured
to permit crystallisation: these loops link the first three N-
terminal strands and form a loop into the cavity betwixt
tapasin and ERp57. It is possible that these loops usually inter-
act with, and therefore influence, the MHC I peptide-binding
platform.

Furthermore in conjunction with the structure Dong et al.
identified a conserved surface that they speculated may
represent a functionally relevant MHC I interaction site.
Importantly the authors showed that only mutations located
in and around this conserved surface severely impaired
association with MHC I and diminished MHC I peptide
loading. Therefore, this conserved surface is likely to play
a significant role in the peptide-editing mechanism.

Figure 1 Modelling a functional tapasin and MHC I interaction. (A) Tapasin (green) was docked with an open MHC I conformation (HC in blue and red,
β2m in grey) using known sites of interaction: the TN6 region of tapasin identified in Ref (27) is docked with MHC I residue T134 [identified in Ref (14)]
using HADDOCK (39). The open structure of human leukocyte antigen (HLA)-B*0801 (pdb ID: 1agb) (40) was generated as an average structure from
an energy minimisation of the crystal structure with peptide absent (41). The human tapasin structure is completed from the tapasin–ERp57 crystal
structure (pdb ID: 38fu) (27) using homology modelling (42). Images generated using Chimera (43). (B) Interactions involving the side chain of MHC I
residue T134 of the peptide-bound structure of HLA-B*0801 (gold) are compared with an open structure (red and white). In the absence of peptide,
the α2−1 helix (red) widens the peptide-binding groove by ≈3 Å (measured between residues 76 and 150) as previously observed (44). This movement
corresponds with movement of T134 by ≈ 2 Å to find a more favourable interaction with tapasin residue R187. Tapasin residue E185 appears to form
a structural interaction with R187. (C) The simulation independently identifies a favourable C-terminal interaction between tapasin residue R333 and
MHC I residue E222 (coloured as above) which is more favoured with an open MHC I structure.

262 © 2010 John Wiley & Sons A/S · Tissue Antigens 76, 259–275



A. van Hateren et al. Cell biology of MHC I assembly

Conformational flexibility of empty MHC

peptide-binding grooves

Numerous studies have shown that tapasin does not inter-
act with peptide–MHC I complexes; in the absence of
peptides HC:β2m heterodimers are thought to transiently
adopt alternate less structured conformations before becoming
refractory to peptide binding (45). Thus, correlating known
sites of interaction with the static structures of tapasin and
peptide–MHC I complexes is challenging. It is likely that
tapasin interacts with and stabilises alternate MHC I confor-
mations to preserve the MHC I peptide-binding ability and
allow preferential selection of high affinity peptides.

While there is no direct structural knowledge of alter-
nate MHC I conformations, it is possible to conduct
molecular dynamic simulations (MDS) of peptide-free MHC
I molecules (46). MDS suggest that while the membrane
proximal Ig-like domains (α3 and β2m) and the β sheet floor
of the peptide-binding groove are not significantly altered
by the absence of peptide, the α helices flanking the empty
peptide-binding groove exhibit greater conformational flexi-
bility. Interestingly, the two ends of the α helices are dif-
ferentially affected by the absence of peptide; while the end
that binds the N-terminus of peptide ligands remains in a
conformation similar to that of peptide-occupied structures,
the end that binds the C-terminus (including the F-pocket)
exhibits significant conformational variation, especially the
short α2-1 helix, which rolls outwards to distort the C-terminal
portion of the binding groove. Supporting these simulations
is that the α2-1 helix adopts slightly different conformations
in various peptide–MHC I crystal structures, as well as in
a ligand-free non-classical MHC structure (47, 48). Interest-
ingly, the α2-1 helix lies above the loop that is a predicted
binding site for tapasin (residues 128–136), and the likelihood
that the newly identified conserved surface of tapasin interacts
with this loop to stabilise a MHC I conformation with a more
open C-terminal end of the groove is compelling. By stabil-
ising the MHC I molecule in this way, the widened binding
groove might disrupt interactions between peptide and MHC
I, disfavouring the binding of peptides which do not form
the full complement of interactions throughout the peptide-
binding groove.

Peptide-free MDS analysis of two MHC I alleles differ-
ing only at position 116 showed allelic variation in their
propensity to adopt alternate conformations (44). Although
part of the F-pocket, the polymorphism does not affect
peptide-binding preference (49) but does significantly alter
the dependence upon tapasin to optimise the peptide reper-
toire (50). The tapasin-dependent B*4402 allele was predicted
by MDS to favour a more open conformation than the tapasin-
independent B*4405 allele, which predominantly remained
in a conformation similar to the peptide-occupied structure,
which may be amenable to peptide exchange. Analysis of
the changes predicted to occur as peptide is drawn away
from the F-pocket suggests that for both MHC I alleles the

peptide-binding groove widens considerably during peptide
dissociation. Crucially, however, B*4405 recovers from such
a widened conformation, while B*4402 fails to recover, result-
ing in a gaping binding groove that is unlikely to bind pep-
tides (44). This suggests that variation in MHC I dependency
upon tapasin to optimise peptide repertoire correlates with
the ability of MHC I alleles to maintain a ‘receptive’ con-
formation similar to that seen in the peptide-occupied crystal
structures. As partially widened, peptide-free grooves may be
more solvent-accessible than when a peptide is bound, the
balance of hydrophobic and hydrophilic residues within the
groove may govern the self-editing potential. In this respect
it is interesting to note that the side chains of residue 116
for these alleles have different solubility: Y116 in B*4405
may preferentially remain ‘buried’, being much less prone to
hydration than D116 in B*4402. Thus, B*4405 may preserve
the integrity of the F-pocket in the absence of bound peptide.

The dynamic nature of empty MHC I peptide-binding
grooves may also be shared with MHC II molecules (51–53).
As for MHC I, the MHC II-α helices display most confor-
mational variation in peptide-free MDS, notably that of the
MHC II-β chain (which, like the MHC I α2 helix, can be
split into three short α helices) which rolls outwards to distort
the N-terminal end of the MHC II peptide-binding groove.
Thus, there are interesting similarities shared by MHC I and
II molecules: while the MHC I α2-1 helix might be maintained
in a receptive conformation by tapasin; the N-terminal end of
the MHC II groove may be maintained in a receptive partially
open conformation by the chaperone DM, which interacts
in this region. Furthermore, there is the possibility that the
function of both tapasin and DM in MHC peptide loading
is regulated: while the MHC-like protein DO attenuates DM
function; tapasin may be regulated by the tapasin-related pro-
tein (known as TAPBP-R) (54).

Another similarity suggested by MDS are predicted confor-
mations that may be averse to peptide binding, although no
simulations show gross-structural alterations or large-scale-
domain unfolding. For MHC I, the fully open C-terminal
groove of B*4402 is unlikely to be receptive to peptide bind-
ing. While one MHC II simulation predicted a partial collapse
at the N-terminus of the MHC II groove, with part of the
α-chain folding inwards to occupy two MHC II anchor posi-
tions (P1 and P4), and form hydrogen bonds that usually exist
between MHC and peptide (53). This MHC II conformation
is unlikely to permit peptide binding. It is noteworthy that
these simulations are on the nanosecond scale, longer sim-
ulations may predict large-scale structural changes including
partial unfolding as suggested previously (45).

A model of the peptide-loading sub-complex

Dong et al. also generated a model of the MHC I, tapasin,
ERp57, calreticulin PLC sub-complex by juxtaposing known
or likely structures of PLC constituents with known sites of
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intermolecular interaction (27). In this model, the MHC I α2
loop was proximal to the newly identified conserved surface
of tapasin. Calreticulin was placed to form interactions with
the MHC I N-linked glycan and with ERp57. A recent study
suggested that the glycan-binding site of calreticulin, which
resides in the globular domain of the protein, is essential
for PLC incorporation (31). However, while this may be the
case, earlier studies indicated that it is possible to reduce the
affinity of the glycan-binding domain by 80%–95% without
losing the ability to either recruit calreticulin to the PLC or
to restore antigen-presenting function (29, 55). In the former
study, a central role was given to the glycan attached to tapasin
asparagine 233 for calreticulin recruitment. If this interaction
was involved in stabilising the PLC, then it is likely that the
PLC components would adopt different relative positions than
proposed by Dong et al. The interaction between calreticulin
and ERp57 is likely to occur via charged residues within the b
and b′ domains of ERp57 associating with the flexible ‘arm-
like’ proline rich P domain of calreticulin. This interaction
involves the opposite face to the substrate-binding patch of
the orthologous protein PDI, suggesting ERp57 has evolved to
interact with substrates in a different fashion. The importance
of the calreticulin–ERp57 interaction for PLC assembly is
not fully resolved with one mutagenesis study indicating
dependence (31) and another indicating independence (29).
Thus, while the model proposed by Dong et al. is persuasive
and consistent with the functions of PLC components, the sub-
PLC may involve alternate interactions and possibly alternate
conformations than are evident in protein crystal structures.
Indeed this is highly probable for the elongated P domain
of calreticulin, and the N-terminal domain of tapasin may
also flex relative to the C-terminal Ig domain, although this
may be restrained by conjugation with ERp57. Perhaps most
significant though is that within the PLC the MHC I peptide-
binding groove is unlikely to be in the conformation seen by
protein crystallography so far (as discussed above).

Greater complexity is suggested by studies showing that
four sub-complexes cluster around each TAP heterodimer
(37), although other studies suggest higher (56) or lower (9)
PLC stoichiometry. Tapasin interacts with the first three
of four N-terminal transmembrane (TM) domains of both
TAP proteins via residues in the TM and membrane proxi-
mal domains of tapasin (57, 58). TAP mutants lacking these
‘N-domains’ form functional peptide-binding and peptide-
transporting heterodimers in the ER membrane (forming a
core TM segment that is predicted for most ABC trans-
porters), but are unable to bind tapasin (57, 59). For both
TAP proteins, these tapasin-binding domains are poorly con-
served when multiple species are compared, and in some
species only one N-domain is present, suggesting lower
PLC stoichiometry (60). Depending upon the stoichiometry,
MHC I peptide loading must occur in a crowded molecular
environment.

Peptide trimming in the ER

In the mid-1990s, it was shown that proteolysis is not
restricted to the cytoplasm, and that optimal MHC I ligands
can be generated in the ER (61, 62). The protease which
trimmed sub-optimal N-terminally extended precursor pep-
tides in the ER was identified in 2002 and named ERAAP (ER
aminopeptidase associated with antigen processing) in mice,
or ERAP1 in humans (ER aminopeptidase 1, ERAAP here-
after) (63, 64). Murine and human ERAAP share: homology
(86% identity); Interferon-gamma (IFN-γ) induction; and
substrate specificities, with most amino acids being hydrol-
ysed except X–P peptides (X = any amino acid and P =
proline), although trimming of aliphatic amino acids is most
efficient (63–65). The inability of ERAAP to trim X–P pep-
tides may resolve the unexpected prevalence of such peptides
among human MHC I molecules given the inability of TAP
to transport these peptides: it is likely that X–P peptides
result from ERAAP-mediated trimming of TAP-transported
N-terminally extended precursors (66–68).

In mice, ERAAP is solely responsible for ER aminopep-
tidase activity; however, a second ER aminopeptidase has
been identified in humans; ERAP2 which has ∼50% iden-
tity to ERAAP (69). ERAP2 has distinct substrate specificity
and preferentially hydrolyses basic residues (70, 71). Interest-
ingly ERAAP and ERAP2 can heterodimerise, thus combining
specificities to generate peptides that the individual aminopep-
tidases can not. However, only a small proportion of ERAAP
molecules exist as heterodimers and evidence for the role of
ERAP2, or heterodimers, in the generation of antigenic pep-
tides in vivo is not yet available. Additionally, the ERAP2
tissue expression pattern, unlike ERAAP, does not correlate
with MHC I expression suggesting MHC I peptide ligands are
primarily generated by ERAAP (69, 72).

The importance of ERAAP to MHC I restricted peptide
presentation was further reinforced when ERAAP-deficient
mice were generated. In such mice, classical and non-classical
MHC molecule surface expression levels are reduced (73–76)
although less so than with tapasin- or TAP-deficiencies.
In particular, the murine MHC I molecule Ld is severely
affected; an observation likely attractable to the peptide-
binding preference of Ld (which favours X–P peptides).

Comparison of a range of endogenous peptides that are
presented by MHC I in wild-type or ERAAP-deficient mice
showed that peptides fall into three categories: (i) those that
are dependent on ERAAP for their generation and are not seen
in ERAAP-KO mice; (ii) peptides that are preferentially pre-
sented in ERAAP-KO mice, suggesting ERAAP limits their
generation through over-processing; and (iii) peptides that
are unaffected and presumably require no further proteolysis.
Similarly ERAAP-KO mice exhibit variation in CD8 T-cell
responses to a range of pathogens (mostly murine viruses);
with some responses being increased, decreased or remaining
unaffected. Interestingly ERAAP-KO mice resolve pathogen
infections comparably to wild-type animals with the exception
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of Toxoplasma gondii, where ERAAP-deficient mice are sus-
ceptible (77). This susceptibility results from the inability of
ERAAP-KO mice to generate the immunodominant epitope,
thus limiting T-cell response induction. Intriguingly when
wild-type mice are immunised with ERAAP-deficient cells a
robust CD8 T cell and antibody response develops (78). The
precise antigens stimulating these responses are not known,
but are only observed in the absence of ERAAP.

With its aminopeptidase activity it might be anticipated that
MHC I peptide loading would be most optimal if ERAAP
associated with the PLC, where the proximity of ERAAP,
MHC I and TAP would allow immediate capture of opti-
mal peptides generated by ERAAP following transport of
N-terminally extended precursors. However, despite exhaus-
tive investigations ERAAP has not been found associated with
the PLC or other ER resident proteins, suggesting if such an
association exists it is extremely transient and labile.

The mechanism by which ERAAP trims precursors to
an optimal length for MHC I remains unresolved. Two
mechanisms have been proposed: firstly that MHC I binds
N-terminally extended peptides which are subsequently
trimmed by ERAAP. Thus MHC I acts as a template, allow-
ing ERAAP to generate optimal peptide ligands. Evidence
supporting this mechanism is provided by the observations
that optimal peptides are only generated in the presence of
an appropriate MHC I molecule (79); and that when ERAAP
is inhibited, N-terminally extended intermediate peptides can
be eluted from MHC I molecules. In the second mechanism
ERAAP trims the precursor peptide to an optimal length for
subsequent binding to MHC I, and thus ERAAP acts as the
molecular ruler (70). This was proposed from observations
that ERAAP is unable to digest peptides <8 or 9 residues and
trimming by ERAAP is affected by the N- and C-terminal
residues, suggesting ERAAP may bind peptide in a similar
fashion to MHC I. These mechanisms are not mutually exclu-
sive, although the apparently contradictory findings suggest
that the results obtained reflect the different systems used and
currently preclude comprehension of a definitive mechanism.

Recently it has become apparent that ERAAP is polymor-
phic, and that a correlation exists between particular ERAAP
alleles and the autoimmune condition ankylosing spondylitis
(AS) (80). While AS is strongly associated with human leuko-
cyte antigen (HLA)-B27, a molecular explanation for this
association has remained elusive (81). One intriguing finding
is the propensity of B27 molecules to form HC homodimers at
the cell surface, where they may contribute to the initiation of
AS (82). B27 homodimers are generated in endosomes, pre-
sumably following the loss of peptide and the dissociation of
β2m. Interestingly, addition of high affinity B27 epitopes into
cells substantially reduces the formation of homodimers (83),
which may identify the ability to generate B27 binding pep-
tides as the link between B27 and AS. Thus, the differential
activity of particular ERAAP alleles to generate B27 epitopes

may underpin the association of particular ERAAP alleles
with AS.

The molecular mechanism of MHC I peptide
loading

Tapasin quantitatively and qualitatively improves MHC

I antigen presentation

Since 2002 knowledge of how tapasin enhances MHC I
peptide loading has been significantly advanced. Williams
et al. laid the foundations for this progress by using an
experimental system where MHC I loading and peptide
editing was visualised in wild-type or tapasin-deficient cells
to establish key concepts (50):

(1) Editing of the MHC-bound peptide repertoire involves
replacement of sub-optimal fast off-rate peptides with
higher affinity, slower off-rate peptides. This peptide
optimisation mechanism may involve iterative peptide-
binding/release cycles culminating in the selection
of peptides that bind most stably. However, peptide
trimming may also contribute, as discussed above.

(2) Peptide editing is an intrinsic property of MHC I
molecules which occurs in the absence of tapasin to
varying extents for different MHC I alleles.

(3) Tapasin augments this intrinsic peptide-editing ability,
leading to:

a. An increased rate of optimal peptide loading,
which was apparent even for those alleles capa-
ble of self-editing.

b. An increased amount of loaded MHC I mole-
cules, although the increase that tapasin afforded
varied. While tapasin significantly boosted the
expression level of tapasin-dependent MHC I
alleles, tapasin effected a much smaller increase
in the expression of MHC I alleles which can
self-edit. Thus self-editing may be beneficial if
tapasin expression is suppressed, as may occur in
viral infections or in tumours [e.g. Refs (84–87)]
but may carry the cost of receiving a smaller ben-
efit from tapasin under physiological conditions.

(4) Peptide editing occurs most efficiently as part of a
fully formed PLC rather than in TAP-free sub-PLC
complexes.

Tapasin selects peptides according to the stability they

confer to MHC I molecules

Howarth and colleagues established that tapasin plays the most
significant role in dictating which peptides are presented by
MHC I (88). In this study, a series of peptides conferring
different half lives when presented by MHC I molecules at the
cell surface were expressed in wild-type or tapasin-deficient
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cells. In wild-type cells a hierarchy existed in which pep-
tides conferring greatest MHC I stability were preferentially
presented at the expense of peptides conferring decreased sta-
bility. While in the absence of tapasin the most significant
alteration concerned the relative presentation levels; with sub-
optimal peptides benefiting relative to the optimal peptide, a
finding that has been observed in vivo (89, 90).

Editing of the MHC I peptide repertoire in favour of
higher affinity peptides was also shown to be a function of
tapasin in a study where tapasin-deficient lysates were sup-
plemented with recombinant tapasin–ERp57 molecules (30).
Furthermore, the ability of tapasin to stabilise peptide-
receptive MHC I molecules prior to peptide binding was also
shown, as suggested previously (19).

Although only a small sample of peptides has been inves-
tigated the results suggest tapasin exponentially favours the
presentation of high affinity peptides. Thus, a peptide–MHC
I complex with a slightly slower off-rate may have a dramat-
ically increased surface expression level relative to a faster
off-rate peptide–MHC I complex, which may be relevant to
CTL response induction. Indeed, the significant contribution
of tapasin to the immunodominance hierarchy of competing
viral epitopes was recently shown and is discussed later (90).

Tapasin stabilises an open MHC I conformation

allowing rapid peptide exchange

Until recently the ability to analyse tapasin function in
vitro was precluded by the low affinity with which tapasin
and MHC I molecules interact. However, a breakthrough
came when leucine zippers were used to tether recombinant
soluble tapasin and MHC I proteins together allowing detailed
investigation of the mechanism by which tapasin augments
peptide loading/release (33). In this study several observations
were made:

(1) Peptide association: as previously shown, tapasin
increases both the loading rate and the amount of
assembled MHC I molecules.

(2) Peptide dissociation: tapasin accelerates peptide dis-
sociation. However, there was no correlation between
peptide half life and the extent to which tapasin accel-
erated dissociation. Furthermore not all peptides were
susceptible to the action of tapasin.

(3) Additionally tapasin was shown to enable MHC I to
preferentially select a high affinity peptide over a lower
affinity peptide.

Analysis of peptide–MHC I dissociation rates collected
in the absence of tapasin provided additional indirect evi-
dence of the heterogeneous conformational nature of MHC
I molecules: while a small proportion of MHC-bound pep-
tide dissociated rapidly, most of the MHC-bound peptide
dissociated significantly more slowly. This is consistent with

two conformations of peptide–MHC I complexes; with pep-
tides dissociating rapidly from a small proportion of open
peptide–MHC I complexes, with the majority being prop-
erly folded, stable peptide–MHC I complexes which slowly
convert into an open conformation.

In contrast to the biphasic dissociation rates discussed
above, when tapasin was mixed with peptide–MHC I com-
plexes there was a single, fast rate of peptide dissociation. This
suggests that by associating with tapasin peptide–MHC I com-
plexes uniformly adopted an open conformation; consistent
with the increased rate and amount of peptide–MHC I com-
plexes produced when tapasin-assisted peptide-association
assays. The ability of MHC I to transit between conformations,
and hence tapasin function, was shown to depend principally
upon the conserved hydrogen bond network at the C-terminus
of the peptide-binding groove as suggested by MDS, although
interactions throughout the peptide sequence also contributed.

The observation that tapasin function involves disruption
of conserved hydrogen bonds between the peptide and MHC
I F-pocket (33) suggests that tapasin may catalyse peptide
binding in a similar way to how DM enhances MHC II
peptide loading [reviewed in Ref (91)]. DM is thought to bind
to an ‘open’ MHC II conformation and disrupt a conserved
hydrogen bond between the peptide backbone and histidine
81 of the MHC II β chain, thereby accelerating peptide
association and dissociation rates, bringing peptide binding
under thermodynamic control more rapidly.

Precisely how tapasin achieves its function remains to be
seen but the tapasin–ERp57 structure provides a platform for
investigating how the dynamics of MHC I protein structure
relates to peptide editing; and how tapasin assists this function.
For example, we have docked a refined model of the tapasin
structure to an energy-minimised peptide-free MHC I struc-
ture (HLA-B*0801). This open MHC structure was generated
from the average structure of an 8-ns molecular dynamics sim-
ulation (Figure 1A). Docking was driven by the functional
hotspot in tapasin (TN6) identified by Dong et al. (27) and
the functional hotspot in MHC I identified by the T134K
mutation (14). This showed the potential for a broad binding
‘pocket’ on tapasin for the α2-1 helix of MHC I (compris-
ing the TN6 region of tapasin, the eight residue loop between
residues 77 and 84 and the 10-21 loop which was not resolved
in the crystal structure). The docking identifies a potential
side-chain interaction between tapasin R187 and MHC I T134
which is more favourable with an open, peptide-free MHC
I conformation (Figure 1B). Additionally the model finds an
interaction between the membrane proximal domain of tapasin
and the α3 domain of MHC I focussed on R333 of tapasin
and E222 of MHC I. This is significant because mutations at
position 222 prevent MHC I from interacting with the PLC.
Interestingly in this model the putative R333–E222 interac-
tion is also more favourable when MHC I is peptide-free
(Figure 1C).
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Overall, this supports a model in which physical approxima-
tion of MHC I and tapasin is achieved via co-operative inter-
actions within the PLC, allowing weak functionally important
interactions to occur. These may involve discrete side-chain
interactions that are sensitive to relatively small allosteric
shifts as suggested above, but they might also include interac-
tions covering a much larger conformational space explored by
the MHC I molecule. Such a quasi-stable intermediate of the
MHC I HC has been proposed (45). Particularly interesting in
this respect is that the N-terminal 87 tapasin fragment (which
although not including the whole of the TN6 region identi-
fied by Dong et al., does contain both of the loops mentioned
above) increases the yield of peptide–MHC I complexes from
an in vitro refolding assay without affecting the rate at which
peptide–MHC I complexes are formed (38). It is tempting to
speculate that this distinguishes a chaperone-like function of
tapasin from a catalytic function. If this were the case, it is
possible that chaperone-like interactions between tapasin and
a partially unfolded peptide-binding groove alter the energy
landscape of the empty MHC I molecule in such a way as
to ‘funnel’ it towards a conformation amenable to specific
side-chain interactions that promote peptide exchange.

Thus, considerable effort has enhanced knowledge of how
tapasin manipulates MHC I peptide selection. However,
complete comprehension of the MHC I peptide selection
mechanism requires: structural definition of the peptide-
receptive MHC I conformation; knowledge of the mechanism
by which MHC I molecules transit between conformations;
and definitive identification of points of contact functionally
relevant to the tapasin–MHC I interaction.

Post-ER quality control

Peptide–MHC I complexes are exported from the ER

irrespective of peptide affinity

The last decade has seen greater understanding develop of the
balance between the function of the PLC and of the secretory
pathway. In the absence of data it had been assumed that
only MHC I complexes loaded with high affinity peptides
were released from the PLC and consequently exited the
ER. Thus the dogma was that the PLC, and by implication
tapasin, provided the sole quality-control checkpoint in MHC I
antigen presentation. However, this assumption has now been
superseded.

In 2007, Garstka et al. analysed the intracellular locali-
sation of MHC I molecules in wild-type or TAP-deficient
cells (93). The authors showed that in addition to the ER
MHC I complexes can be found in the ER–Golgi interme-
diate compartment (ERGIC) and the cis-Golgi compartments,
as had been suggested when MHC I molecules were over-
expressed. The mechanism by which MHC I molecules are
exported from the ER had long been suspected to be lim-
ited by a step subsequent to peptide loading (94, 95). It has

now transpired that peptide–MHC I complexes accumulate
at specific ER exit sites, and that the MHC I TM domain
associates with abundant cargo receptor Bap31, which inter-
acts with COP-II coated vesicles to transport various cargo
proteins to the ERGIC (94, 96–98). MHC I export is not how-
ever, dependent upon Bap31, suggesting redundancy amongst
cargo receptors (96, 97). Intriguingly the function of Bap31
in MHC I export may be regulated by Bap29, which has been
implicated in retrograde retrieval of cargo proteins to the ER
(97, 98).

Significantly when the contents of purified COP-II vesicles
were analysed, peptide–MHC I complexes were shown to
be efficiently exported from the ER irrespective of the
stability that the peptide confers to the MHC I molecule (93).
Crucially, however, only those MHC I molecules loaded with
high affinity peptides progress beyond the medial Golgi to the
cell surface.

Calreticulin participates in post-ER MHC I quality

control

Calreticulin is a soluble chaperone that aids protein folding in
the ER. Most substrates are glycosylated proteins recognised
by the mono-glucosylated moiety that is transiently displayed
in the secretory pathway. However, calreticulin can also
interact directly with non-glycosylated proteins through a
polypeptide binding site. Calreticulin aids protein folding
by: suppressing aggregation; facilitating oxidative folding
by recruiting ERp57; directing terminally misfolded proteins
towards the ER-based degradation pathway; and retrieving
misfolded proteins from post-ER compartments. This ER
retrieval mechanism involves:

(1) Calreticulin associating with a misfolded substrate in a
post-ER compartment.

(2) Recognition of the C-terminal KDEL (in single letter
amino acid code) ER retrieval motif of calreticulin by
the KDEL receptor localised in the cis-Golgi. This
receptor directs calreticulin and its associated substrate
to the ER through COP-I-coated vesicles.

(3) Further trimming of the glycan moiety of the misfolded
protein occurs in the ER resulting in either the degrada-
tion pathway or recognition by the enzyme UDP gluco-
syl glycoprotein transferase (UGGT). UGGT reattaches
the preformed N-linked glycan moiety to non-native
substrates thus starting a new folding attempt.

Using a calreticulin–KO cell line, Gao et al. showed that
although MHC I molecules are synthesised as usual there is
a significant reduction in MHC I surface expression levels
and deficient CTL responses to most antigens (99), despite
tapasin-mediated peptide editing occurring efficiently (88).
Thus although not involved in peptide selection, calreticulin
performs an essential quantitative function in MHC I peptide
loading. Biochemical analysis has since provided molecular
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explanations for the deficiencies apparent in the absence of
calreticulin:

Loss of calreticulin impairs PLC stability

There is a slight reduction in the amount of ERp57 and
MHC I molecules that can be co-precipitated with the PLC
in calreticulin-deficient cells (55, 99, 100). This phenotype
supports the molecular glue hypothesis, suggesting that as with
ERp57, calreticulin strengthens interactions within the PLC.

MHC I molecules mature at an increased rate without
calreticulin

This phenotype is shared by MHC I mutants which do not
interact with the PLC and consequently fail to optimise their
peptide repertoire (92). The faster maturation rate and knowl-
edge that peptide-receptive MHC I molecules cycle between
the ER and cis-Golgi suggests that calreticulin may retrieve
such complexes from post-ER compartments through the
KDEL ER retrieval mechanism. Howe et al. investigated this
possibility and made several significant observations (100):

• Although at steady-state calreticulin is retained or
retrieved to the ER, the over-expression of substrates
can cause calreticulin to co-localise with its substrates
in post-ER compartments. Under such conditions, the
authors showed co-localisation of calreticulin with sub-
optimal peptide–MHC I complexes in the ERGIC and
cis-Golgi, supporting the possibility that calreticulin
may retrieve these molecules to the ER.

• Without the KDEL motif calreticulin is unable to
retrieve sub-optimal peptide–MHC complexes to the
ER. Consequently, MHC I molecules are transiently
expressed at the cell surface before endocytosis and
degradation occurs (100).

• Crucially, presentation of a model antigen required
the KDEL motif of calreticulin, highlighting the func-
tional significance of the calreticulin-mediated retrieval
system.

• Furthermore, calreticulin co-localised with an MHC I
mutant which fails to interact with other PLC proteins.
Thus calreticulin may retrieve MHC I molecules inde-
pendently of other PLC members which are also present
outside of the ER (101).

Therefore, calreticulin performs two functions in MHC I
antigen presentation: strengthening of the interactions within
the PLC; and retrieval of inappropriately loaded MHC I
molecules to the ER (summarised in Figure 2).

The contribution of other PLC members to MHC I

retrieval

Other PLC members can be found outside of the ER, so
selective MHC I retrieval may not involve only calreticulin.

Figure 2 Key steps in MHC I peptide loading.
Peptide production: In the cytoplasm, peptides are produced following
the degradation of proteins by the proteasome and other proteases.
Some peptides escape complete proteolysis by being transported by
TAP into the ER. In the ER peptides can be further processed by ERAAP.
Capture of peptides by an MHC I molecule may protect a peptide from
over-processing.
Peptide loading in the ER: MHC I molecules are loaded with peptides
in the PLC: here tapasin allows MHC I molecules to select peptides
according to their off-rates, rather than their concentration in the ER
(first quality-control checkpoint, QC1): Peptide–MHC I complexes are
released from the PLC loaded predominantly, but not exclusively, with
high affinity peptides. Peptide MHC I complexes exit the ER in COP-II
coated vesicles via an association with Bap31. No discrimination occurs
between peptide MHC I complexes according to peptide affinity.
Second quality-control checkpoint, QC2: Further discrimination of
peptide–MHC I complexes occurs in the Golgi complex favouring high
affinity peptide–MHC I complexes progressing to the cell surface. MHC
I molecules which have lost their peptide cargo, or are loaded with
low affinity peptides are returned to the ER in COP-I-coated vesicles.
Once returned to the ER MHC I molecules can re-enter the PLC or
be degraded. The selection mechanism is unknown, but appears to be
orchestrated by calreticulin, although tapasin may also contribute (dotted
lines). The increased acidity of the Golgi complex may favour release of
low affinity peptides from MHC I, and/or allow novel peptide generation.

Tapasin in particular may participate, on account of its
cytoplasmic dilysine motif (KKxx) which can interact with
COP-I-coated vesicles to return proteins to the ER (101).
Paulsson et al. examined this possibility by expressing a
tapasin molecule with a mutated dilysine motif; surprisingly
this tapasin mutant remained predominantly in the ER with
only a slightly increased representation in the Golgi relative
to wild-type cells (102). Thus association with other PLC
members may retain the majority of tapasin in the ER. Despite
this there were slight deficiencies in MHC I expression
which suggest inferior peptide loading occurred. This can
be explained in two ways: the slightly greater rate at which
tapasin dilysine mutant molecules exited the ER may have
decreased peptide-editing efficiency; secondly without the
dilysine motif, MHC I molecules did not associate with the
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COP-I-coated vesicles that return sub-optimally loaded MHC
I molecules to the ER.

While this study highlights the functional significance
of MHC I retrieval, the relationship between calreticulin
and tapasin requires further clarification. Comparison of the
phenotypes of calreticulin-deficient cells or cells that express
tapasin dilysine mutants suggest that calreticulin has the most
significant impact upon MHC I retrieval. However, it may be
that tapasin complements the retrieval function of calreticulin.
Similarly the contribution of ERp57, which may be associated
with tapasin or calreticulin, to this retrieval mechanism must
be ascertained.

Interestingly despite both tapasin and calreticulin partic-
ipating in MHC I retrieval their interaction with MHC I
may differ: while tapasin may sense, or induce, an MHC I
conformation when sub-optimal peptides are bound, or that
occurs following peptide dissociation; it is not clear how
calreticulin recognises MHC I molecules for retrieval. Calreti-
culin might rely on its lectin-binding site to recognise mono-
glucosylated MHC I molecules with discrimination between
loaded and peptide-free MHC I molecules perhaps being
undertaken by UGGT. Alternatively, or additionally, calretic-
ulin might use its polypeptide binding site to monitor MHC I
conformation.

Peptide editing beyond the trans-Golgi network?

Recently it has become clear that peptide editing is not
achieved in one cellular location at one specific time,
with calreticulin-mediated MHC I retrieval providing further
opportunity to achieve peptide editing. Other mechanisms
may also exist that allow MHC I molecules to optimise
their peptide repertoire outside the ER. This is supported
by the observation that MHC I peptide editing continues
after acquisition of resistance to endoglycosidase-H digestion,
which indicates passage through the medial Golgi (50), an
observation supported by other studies (103, 104). Knowledge
that tapasin, and other PLC members, occur throughout the
secretory pathway raises the possibility that these proteins
continue to function in other intracellular organelles (which
may affect their function). Moreover, peptide editing may not
be restricted to the route to the cell surface; the length of time
that MHC I molecules are expressed upon the cell surface
may be regulated, with MHC I molecules being internalised
to enter the endosomal pathway which may ultimately lead to
degradation, or recycling to the plasma membrane. This may
allow MHC I molecules to exchange their peptide cargo in
endosomes.

Endocytic targeting is achieved by conjugation of ubiquitin
to the cytoplasmic portion of various cell surface glycopro-
teins including MHC I (105–108). The proteins that conjugate
ubiquitin to the substrate protein are viral or cellular ortho-
logues of E3 ubiquitin ligases. With regard to the internal-
isation of MHC I, the best characterised pathways involve

viral E3 ligases that allow virally infected cells to escape
CTL-induced lysis via internalisation and lysosome-mediated
degradation of MHC I. Unlike most cellular E3 ligases, viral
E3 ligases are integral membrane proteins whose dual TM
regions confer substrate recognition, with membrane prox-
imal cytoplasmic lysine residues of MHC I being poly-
ubiquitinylated (105, 107–109). Mammalian orthologues of
E3 ligases (membrane associated RING-CH proteins, or
MARCH) have been identified, some of which (MARCH IV
and IX) ubiquitinylate MHC I molecules leading to destruc-
tion (108). Other studies implicate a conserved cytoplasmic
MHC I tyrosine motif in the endosomal trafficking of MHC
I molecules in the cross-presentation pathway (110). Less is
known about recycling MHC I molecules from endosomes
back to the plasma membrane; a process that might allow
peptide exchange to occur outside of the ER, with the lower
pH of the endo/lysosomal compartment likely to favour disso-
ciation of MHC-bound peptides and generation of transiently
peptide-receptive MHC I molecules. Moreover, novel peptide
epitopes may be generated in such conditions via proteases
localised in such vesicles; indeed Leonhardt et al. recently
showed the proprotein convertase PC7 to be indispensable
to the post-ER optimisation of sub-optimal peptide–MHC
complexes (103). The authors showed PC7, but not other pro-
protein convertases, to participate in the generation of novel
peptide epitopes, thus restoring stable peptide–MHC I com-
plex surface expression levels (presumably) following vesic-
ular peptide exchange. It is likely that the post-ER peptide
optimisation ‘rescue’ mechanism may be highly relevant for
successful immune responses to occur in virally infected cells
or tumours, where PLC functionality is frequently impaired.

MHC I peptide editing in the context of an
immune response

When a pathogen infects a cell it is likely that there will
be many pathogen-derived epitopes capable of binding to
MHC I and potentially inducing a CTL response. However,
immune responses frequently focus on only a few epitopes
(a phenomenon called immunodominance). Many factors
contribute to immunodominance including: generation of
pathogen-derived peptides; successful MHC I peptide loading;
the length of time that peptide–MHC I complexes are
expressed at the cell surface; and many factors affecting T-cell
receptor specificity and functionality which are beyond the
scope of this review. While all of these are significant, one of
the most important concerns the duration that peptide–MHC
I complexes exist at the surface of the cells which prime a
CD8 T-cell response (111–113). Intuitively it follows that the
focusing of a CD8 T-cell response correlates with the MHC
I peptide repertoire favoured by tapasin: successful immune
responses may require peptide–MHC I complexes to persist
at the surface of antigen-presenting cells (APCs) during transit
from the infection site to the secondary lymphoid organs
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where immune responses are initiated. That this is the case
has recently been confirmed.

Thirdborough et al. compared CD8 T-cell responses in
wild-type or tapasin-deficient mice individually administered
with DNA vaccines encoding one of a series of peptide vari-
ants (89). These peptide variants had previously been shown
to be presented through tapasin-meditated peptide loading in
a hierarchy according to the stability that the peptide con-
ferred to the peptide–MHC I complex (88). Thirdborough
et al. showed that following direct presentation in wild-type
APCs, a CD8 T-cell response hierarchy was established which
correlated with peptide–MHC I stability (89). This was also
the case if the peptides were cross-presented by APCs, pro-
viding there was transient over-expression of the peptide. Pro-
longed over-expression led to comparable responses against
all peptides, even for a fast off-rate peptide. As peptide
loading occurring without tapasin is likely to be dictated
by peptide availability, the continual high abundance of any
peptide in the ER may lead to significant expression of
peptide–MHC I complexes at the cell surface which, even
if the peptide–MHC I complexes are unstable, may initiate

an immune response. Therefore a direct correlation exists
between CD8 T-cell response magnitude and the length of
time that peptide–MHC I complexes persist at the cell sur-
face. As tapasin favours the presentation of peptides confer-
ring greatest stability to MHC I, tapasin can have a significant
impact upon immunodominance. Additionally, the continual
high abundance of a peptide can also affect CD8 T-cell
response magnitude irrespective of peptide affinity.

Boulanger et al. analysed CD8 T-cell responses in a more
complex system: where distinct viral epitopes were simulta-
neously expressed in wild-type or tapasin-deficient mice, with
the peptides conferring differing stability to MHC I and being
recognised by different T cells (90). The key finding was con-
sistent; in wild-type mice the CD8 T-cell response hierarchy
favours slow off-rate peptide–MHC I complexes. Without
tapasin this hierarchy was altered, with greater responses
to sub-optimal peptide–MHC I complexes. That the altered
T-cell hierarchy resulted from defective peptide editing in
tapasin-deficient APCs and not from the altered CD8 T-cell
repertoire in tapasin-deficient mice (7, 8) was shown using
bone marrow chimeric mice.

Figure 3 The relationship between peptide abundance and peptide selection. Simulated cell surface presentation of hepatitis B virus (HBV) peptides
by MHC I in the presence or absence of tapasin illustrates preferential loading of slow off-rate peptides in the presence of tapasin. (A) The amino
acid sequences of proteins expressed by HBV (GenBank X04615) were used to predict peptide dissociation rates from HLA-B*4403 using the BIMAS
algorithm [Ref (114), http://www-bimas.cit.nih.gov/molbio/hla bind]. The abundance of the expressed proteins is assumed to be such that S protein
is 100× more abundant than X protein, polymerase and core antigen. A log-normal distribution was fitted to this distribution, and sampled by altering
peptide supply rates for a range of uniformly spaced off-rates. (B) Simulated absolute steady-state presentation for B*4403 at the cell surface in the
presence (black lines) or absence (grey lines) of tapasin, generated using computational models in which tapasin functions to uniformly accelerate
peptide dissociation when bound to MHC I in the ER (unpublished data). This illustrates how tapasin allows presentation of a greater number of higher
affinity peptide–MHC I complexes than is evident in the absence of tapasin. (C) and (D) Simulated absolute steady-state presentation for B*4403
at the cell surface in the absence of tapasin (C), or presence of tapasin (D). Note the difference in scales of the y axis (cell surface presentation),
illustrating the quantitative and qualitative improvement tapasin affords in cell surface MHC I peptide presentation.
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That efficient immune responses still generally occur in
tapasin-deficient mice, even if the responses are against
different epitopes, leads us to question what evolutionary
advantage there is to focusing an immune response upon
the stable peptide–MHC I complexes favoured by tapasin.
It is possible that tapasin does not generally affect the
ability to respond to pathogens (with most pathogens likely
to produce a variety of potentially antigenic peptides), but
instead by focusing the repertoire of peptides presented
by MHC I upon slow off-rate peptides tapasin effectively
decreases the diversity of T cells permitted to respond to
a pathogen, thus lowering the likelihood of a cross-reactive
autoimmune response. This raises the issue as to how peptide
abundance in the ER (be it from high levels of source protein,
abundant defective ribosomal products, efficient proteolysis or
peptide transport) modulates the editing process. In modelling
experiments we have shown that in the absence of tapasin the
repertoire of peptides presented by MHC I molecules at the
cell surface is determined to a large extent by the abundance
of peptides that are available to assembling MHC I molecules
in the ER, with peptide off-rate having a lesser influence
(Figure 3). However, in the presence of tapasin, the repertoire
of MHC-presented peptides is determined principally by off-
rate, with preferential selection of slow off-rate peptides even
if they have very low abundance in the ER with a massive
excess of competing fast off-rate peptides.

In summary, the last decade has seen great advances in
our knowledge of MHC I peptide loading. We have gained
greater appreciation of the molecular architecture of the PLC
and of the mechanistic contribution of constituent proteins to
successful MHC I peptide loading. Specifically, we are more
aware of the mechanism by which tapasin, the lynchpin of
peptide selection, allows MHC I to select high affinity peptides
against a prevalence of competing lower affinity peptides.
Through this act, tapasin has a significant impact upon which
peptide epitopes immune responses are frequently focused
upon. The future is likely to see us refining our knowledge
of peptide selection and attempting to manipulate peptide
selection to allow clinically desirable immune responses.
For example, as there are plentiful situations where tapasin
expression is lost: in tumour cells (115–119); or following
viral infection (84, 85) it follows that in such cells immune
responses are focused against sub-dominant peptide–MHC I
complexes. Therefore, vaccination strategies targeting tapasin-
deficient tumours or virus infected cells that are designed to
induce responses against sub-dominant epitopes might lead to
better prognosis. Alternatively it might be possible to make
therapeutic tapasin-deficient APCs which might be transfused
into patients in order to induce responses against otherwise
sub-dominant epitopes.
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