
www.bba-direct.com

Biochimica et Biophysica Acta 1641 (2003) 1–12

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Review

Chaperones and folding of MHC class I molecules in the

endoplasmic reticulum

Kajsa Paulssona,b,*, Ping Wangb

aThe Institution of Tumour Immunology, Lund University, BMC I12, S-223 62 Lund, Sweden
b Immunology Group, Department of Gastroenterology, Barts and The London School of Medicine and Dentistry, 59 Bartholomew’s Close,

London EC1A 7ED, UK
Received 20 January 2003; received in revised form 4 April 2003; accepted 8 April 2003
Abstract

In this review we discuss the influence of chaperones on the general phenomena of folding as well as on the specific folding of an

individual protein, MHC class I. MHC class I maturation is a highly sophisticated process in which the folding machinery of the endoplasmic

reticulum (ER) is heavily involved. Understanding the MHC class I maturation per se is important since peptides loaded onto MHC class I

molecules are the base for antigen presentation generating immune responses against virus, intracellular bacteria as well as tumours. This

review discusses the early stages of MHC class I maturation regarding BiP and calnexin association, and differences in MHC class I heavy

chain (HC) interaction with calnexin and calreticulin are highlighted. Late stage MHC class I maturation with focus on the dedicated

chaperone tapasin is also discussed.
D 2003 Elsevier Science B.V. All rights reserved.
Keywords: Endoplasmic reticulum (ER); MHC class I; Folding; Chaperone; Tapasin
1. Introduction

The maturation of MHC class I is interesting both from a

biochemical point of view, with regards to the principles for

protein folding, as well as from an immunological perspec-

tive, in view of the correct and stable presentation of

antigenic peptides. MHC class I molecules are expressed

on almost all nucleated cells of the body and present

antigenic peptides to CD8+ T cells [1,2]. The peptides are

derived from proteasomal degradation of proteins synthes-

ised inside the cell, both from normal cellular proteins and

from intracellular bacteria and viruses [3,4]. The ability of

CD8+ T cells to recognise changes in the peptide repertoire

expressed at the cell surface is essential for the immune

defence against viruses, intracellular bacteria as well as

against tumours [5,6]. The three components of MHC class

I, the heavy chain (HC), h2-microglobulin (h2-m) and the

peptide, are all essential for the formation and stability of a

functional MHC class I [7,8]. The maturation and assembly

of the MHC class I complex is complicated, and involves
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many steps including both peptide optimisation and several

quality control steps. The folding of small soluble proteins

has been studied extensively, but the more complex the

protein, the more difficult the folding has been to address

and understand. However, important information about the

principles of transmembrane protein folding has been gained

from in vitro and in vivo studies of viral proteins such as the

Vesicular Stomatitis Virus Glycoprotein (VSV G protein)

[9–13], as well as from studies of MHC class I. The

knowledge achieved from such in vitro and in vivo folding

studies of different substrates can be integrated and used to

understand the general maturation of any kind of newly

synthesised protein as well as revealing the specific matura-

tion mechanisms needed for individual proteins such as

MHC class I. Class I maturation involves interactions with

classical chaperones, substrate-feature specific chaperones,

catalysing enzymes as well as with MHC class I dedicated

accessory proteins [14–21]. Recently, several new mole-

cules affecting the MHC class I maturation have been

identified (e.g. tapasin, ERp57 and ERAAP). These proteins

have only been studied to a limited extent but it is already

clear that they are intimately involved in the maturation of

class I. The information received from studies of these newly

discovered accessory molecules, together with the knowl-
ed.
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edge of other accessory molecules and folding in general,

help in the understanding of MHC class I maturation.
2. In vitro and in vivo folding

The initial hypothesis that the native conformation of a

protein is the thermodynamically most favourable polypep-

tide state is today known to be a very simplified view. This

is illustrated by comparing folding of simple proteins with

more complex ones as well as by comparison of in vitro and

in vivo folding. In small globular proteins, the amino acid

sequence does not need any help for formation of the

secondary structures in vitro [22]. This folding is very

efficient and presumably driven by hydrophobic forces.

The a-helices and h-sheets may then interact with each

other to form the native tertiary structure. Achieving this

state in the test tube is simplified by the controlled milieu

allowing low protein concentration and low temperature.

However, regulation of temperature and protein concentra-

tion does not seem to be sufficient for efficient folding of

more complex proteins. Spontaneous folding in vitro has

been observed only for a limited number of proteins, such as

hen lysozyme [23]. Furthermore, the majority of these

proteins that fold efficiently in vitro are small, single-

domain proteins, indicating the need for other factors to

control the folding of multi-domain proteins.

Protein folding in the cell takes place either in the

cytoplasm (cytoplasmic proteins) or in the endoplasmic

reticulum (ER) (transmembrane and secretory proteins).

There are differences between folding in the ER and the

cytosol but also remarkable similarities [24–26]. However,

this review will deal with ER folding only. Folding of newly

synthesised proteins in the ER differs significantly from

folding in vitro [27]. The first reason for this is the very high

protein content in the ER [27–30]. The high concentration

increases the intermolecular association constant and makes

nascent polypeptides prone to aggregate. A second reason is

the nature of the entry of translated proteins into the ER.

The majority of nascent polypeptides are translated with the

N-terminus entering the ER first so that the N-terminal part

of the polypeptide becomes available for folding as well as

aggregation before the rest. However, aggregation and

misfolding during vectorial insertion of polypeptides, which

are still being translated upon ribosomes in vivo, is reduced

since domain structures are allowed to form sequentially.

Evidence for not only individual domain formation but also

oligomerisation at a cotranslational stage has been shown in

the cytosol and might occur in the ER as well. The draw-

back of cotranslational folding is that correct folding of a

complete domain is still not immediately possible. The

folding rate is faster than the insertion rate and the amount

of misfolded intermediates must be limited. If the sequence

of the domain is noncontiguous the situation is even more

complicated. In multi-domain proteins, another obstacle is

that once a domain is formed it is still fairly unstable due to
the lack of interaction with the other domains. Moreover, the

domain must still be prevented from interacting with the

wrong parts of the protein during biosynthesis.

Another feature of in vivo folding is the dependency on

folding chaperones and enzymes present in the ER. Both the

potential problem with high protein content and the draw-

backs of cotranslational insertion are overcome by the abun-

dance and variety of different ER chaperones and enzymes.

Moreover, the ER chaperones contribute greatly to the

maturation of proteins during posttranslational modifications

such as glycosylation, disulfide bond formation and proline

and lysine hydroxylation. ER enzymes and chaperones make

these posttranslational modifications possible and the mod-

ifications are in many cases not only necessary for the protein

to be functional but also necessary for the protein to achieve

its native structure. The chaperones have requirements them-

selves to perform efficiently and one prerequisite shared by

many is a high Ca2 + concentration [31], which inside the ER

is 10,000-fold higher than in the cytosol [32]. Moreover,

enzymes involved in disulfide bond formation are able to

function efficiently due to the highly oxidising environment

in the ER [33]. The ratio of reduced and oxidised glutathione

(GSH/GSSH) is 3:1 in the ER as compared to 100:1 in the

cytosol, providing the ER with a redox environment favour-

ing disulfide bond formation [34]. This provides an explan-

ation for why recombinant disulfide bond containing

proteins are generally not secreted from bacterial cells.

Instead these proteins aggregate and accumulate in the

cytosol. Only after special chemical treatment, these proteins

may fold into their native conformation. On initial inspection

the environment in the ER does not appear conductive for

correct folding of a nascent polypeptide. However, thanks to

the chaperones and reducing conditions, the ER is indeed an

outstanding place for protein folding and maturation.
3. Chaperones

The folding and quality control of newly synthesised

proteins in the ER is a sophisticated process involving several

components. Four modes of action for the ER accessory

molecules such as chaperones are described in Sections 3.1–

3.4. Classical chaperone action is illustrated by BiP. The ER

lectins calnexin and calreticulin are used as examples of

substrate feature specific molecules. Folding catalysts are il-

lustrated by looking at the families of peptidyl-prolyl isome-

rases and protein disulfide isomerases. Finally the functional

group of dedicated chaperones are exemplified by looking at

the MHC class I dedicated chaperone tapasin. Importantly, a

single chaperone may act in more than one mode.

3.1. BiP

The group of classical ER chaperones has many members

and includes several glucose-regulated proteins (GRPs). One

of the most abundant classical molecular chaperones in the
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ER is the immunoglobulin binding protein (BiP). BiP func-

tions as a bona fide chaperone to stabilise newly synthesised

polypeptides during folding, prevent aggregation, mediate

retention in the ER and suppress formation of nonnative

disulfide bonds [34]. In addition, BiP is also involved in the

translocation of newly synthesised proteins across the ER

membrane and in degradation of misfolded proteins. Classi-

cal chaperones bind to stretches of hydrophobic residues and

the binding is dependent on the intrinsic ATPase activity of

the chaperone. These chaperones are up-regulated and are of

particular importance during conditions of cellular stress

when misfolded proteins accumulate in the ER.

3.2. Calnexin and calreticulin

Some chaperones, such as the so-called lectins, have

greater substrate specificity. Lectins are by definition non-

enzymatic sugar-binding proteins (lectin-binding proteins).

In the ER, they are represented by the unconventional

chaperones calnexin and calreticulin. Calnexin and calreti-

culin interact specifically with monoglucosylated N-glyco-

sylated proteins. N-linked glycosylation begins with addition

of a large preformed oligosaccharide Glc3Man9(GlcNAc)2 to

an asparagine residue in the sequence Asn-X-Ser/Thr (X is

any amino acid except for proline). However, not all possible

glycosylation sites become glycosylated. Glc3Man9(Glc-

NAc)2 is transferred to newly inserted polypeptides as they

enter the ER and the oligosaccharide chain is further modi-

fied as the protein pass through the ER and Golgi apparatus.

Calnexin and calreticulin are able to bind to the glycan after

the high-mannose triglucose is trimmed to a monoglucose by

glucosidase I and glucosidase II [25]. Once the substrate

dissociates from calnexin/calreticulin, it is further trimmed

and the third glucose is removed. However, if the glycopro-

tein is not correctly folded it will be recognised by UDP-glu

cose glucosyltransferase (UGGT) and will be re-monoglu-

cosylated [25]. Again the ER lectins bind the reglucosylated

Glc1Man7–9(GlcNAc)2 oligosaccharides. Calnexin and cal-

reticulin play an important role for the ER quality control of

many glycoproteins through this cycle of de- and regluco-

sylation [35,36]. The processing of glycans in the ER is a

basic mechanism in all cells and of immense significance for

allowing many proteins to achieve their native structure. The

longer time a protein spends in the calnexin–calreticulin

cycle, the higher is the possibility that it achieves the correct

folding. It has been suggested that all glycoproteins interact

with ER lectins in mammalian cells [37]. Several reports

have shown that prevention of N-linked glycosylation by

either mutations in glycoprotein substrates or treatment with

inhibitors such as tunicamycin results in misfolded proteins

[38–42]. However, other studies have shown that glycosy-

lation is dispensable for correct folding [43–45]. Although

N-linked glycosylation is a definite requisite for correct

folding of many glycoproteins, the effect of glycosyla-

tion is difficult to predict since it varies depending on the

substrate.
Similar substrate-binding properties have been shown for

calnexin and calreticulin in cell-free assays, but the in vivo

substrate binding differs between the two. The topology,

with calnexin being membrane-bound and calreticulin being

soluble, has been suggested to be of significance for the

binding preferences. In this model, the positions of glycan

moieties in the substrate proteins direct interaction towards

the most easily accessible lectin. Glycans located close to

the membrane are more likely to interact with calnexin and

glycans further away have a preference for interaction with

the soluble lectin calreticulin. Studies with soluble calnexin

and artificially membrane-bound calreticulin have shown

support for this model [46,47].

Originally calnexin and calreticulin were suggested to

interact only with monoglucosylated proteins but this view

has been called into question since it has been shown that

both calnexin and calreticulin can interact with non-glyco-

sylated substrates [48–51]. Binding of calnexin and calre-

ticulin to polypeptide stretches implies that they may

function as bona fide ER chaperones in addition to their

glycan dependent function. Williams and co-workers have

shown that in cell-free assays, calreticulin and a soluble

form of calnexin can function as classical molecular chap-

erones [49,50]. The lectins were shown to interact with

glycoproteins devoid of monoglucose glycan moieties and

also with non-glycosylated proteins, indicating a function

distinct from that of a typical lectin. Interaction between

calnexin and non-glycosylated proteins has also been

detected in intact cells [52]. Moreover, in a microsome

model both in vitro translated wild-type VSV glycoprotein

and non-glycosylated mutant forms coprecipitated with

calnexin [53]. The results from this study suggests that

calnexin binding to non-glycosylated proteins is nonspecific

and a consequence of aggregates formed by misfolded

substrate proteins when N-linked glycosylation is prevented.

A role for calnexin and calreticulin binding to polypeptide

stretches and targeting misfolded proteins for proteasomal

degradation has been proposed. Recently, both calnexin and

calreticulin were shown to suppress aggregation of unfolded

proteins via a polypeptide-binding site in their globular

domains [54]. Misfolded a1-antitrypsin was shown to

require calnexin binding for proteasomal degradation [55].

Furthermore, thermal aggregation assays showed that calre-

ticulin forms high-molecular weight complexes with the

human MHC class I allele HLA-A2 at 50 jC but not at 37

jC, indicating polypeptide-based interaction and a role of

calreticulin in binding to misfolded proteins [56]. The dual

function of calnexin and calreticulin in both productive

folding, as lectins, and in binding to aggregates for disposal,

as nonspecific chaperones, remains to be further elucidated.

3.3. Peptidyl isomerases and ERp57

Some proteins directly increase the rate of folding acting

as true reaction catalysts (reviewed in Ref. [57]). One set of

catalysing proteins present in the ER is the peptidyl-prolyl
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isomerase family that facilitates the rotation around pep-

tidyl-prolyl bonds of nascent polypeptides [58,59]. These

enzymes catalyse the formation of a kinetically more

favourable state of the peptide bond preceding proline

residues. Most peptidyl-prolyl isomerases are able to cata-

lyse the rotation of bonds of any exposed peptidyl-prolyl but

examples of substrate specificity have been demonstrated

(see Section 3.4 on dedicated accessory proteins).

The folding catalysts also include enzymes of the pro-

tein-disulfide isomerase (PDI) family responsible for the

formation of disulfide bonds [34]. PDI, the archetype

protein that also gives it name to the family, is also one of

the most extensively studied members and acts on a wide

range of disulfide bond containing proteins. PDI is one of

the chaperones that are transcriptionally up-regulated in

response to accumulation of unfolded proteins in the cell.

This transcriptional up-regulation of a specific set of chap-

erones is called the unfolded protein response (UPR) [60].

ERp57 is another member of the PDI family and has two

thiol/disulfide oxidoreductase active sites [61]. ERp57 was

originally shown to interact specifically with N-glycosylated

substrates [62–64], but no lectin-like properties were found

in ERp57 [65]. It was therefore proposed and later proved

that ERp57 interacts with ER lectins to assist in folding of

N-glycosylated substrates [64,65]. ERp57 interacts specifi-

cally with both calnexin and calreticulin in both the pres-

ence and absence of glycoprotein substrates [66].

3.4. Tapasin and other dedicated accessory molecules

Finally, the dedicated proteins assist specific target mol-

ecules to achieve their correct final stable conformation and

to be transported outside the ER. An early example was the

product of the SH3 gene in yeast. The SH3 protein was

found to specifically promote maturation of amino per-

meases but not other proteins [67]. One more recently

discovered chaperone is the yeast PDI related protein,

EPS1. EPS1 is suggested to function as a dedicated chap-

erone for the yeast plasma membrane ATPase PMA1 [68].

The list of dedicated chaperones in various organisms is

rapidly growing (reviewed in Ref. [69]). However, the

mechanisms for several of these chaperones, such as the

mammalian procollagen folding factor HSP47 [70], remain

to be elucidated. A well-known dedicated chaperone whose

mechanism has been characterised in greater detail is the

molecule receptor-associated protein (RAP). RAP escorts

low density lipoprotein receptor-related protein (LRP) out of

the ER to the Golgi [71]. During the transport, RAP

prevents LRP aggregation but also stops LRP from interact-

ing with ligands before it reaches the Golgi. RAP has also

been found associated with other transmembrane receptors.

Another protein with potential escort function is NinaA

found in Drosophila. NinaA is a prolyl cis– trans isomerase

and is required for proper maturation of two homologous

rhodopsins [72]. NinaA is expressed in a cell type-specific

manner and colocalises with opsin in the ER as well as in
secretory vesicles of the secretory pathway [72,73]. Muta-

tion of NinaA leads to dramatic accumulation of opsins in

the ER of photoreceptor cells [73]. NinaA is specifically

needed for two forms of opsins, whereas a third more

distantly related form is unaffected by NinaA mutations

indicating the specificity of NinaA. MHC class II transport

to the endosomes for peptide loading is also dependent on a

specialised escort protein, known as the invariant chain (Ii)

[74]. Another task for dedicated chaperones is the retention

in the ER of maturing molecules by specific interactions,

such as egasyn retention of h-glucoronidase [75] and

carboxylesterase retention of C-reactive protein [76]. Sev-

eral potential mediators of COP (coat protein)-coated vesicle

transport have been identified including ERGIC-53 [77], the

p24 family [78], tapasin [79] and BAP31 [80]. These

receptors exhibit various degrees of substrate specificity.

One outstanding example is tapasin that has a very high

degree of specificity for its substrate. Tapasin interacts

exclusively with MHC class I molecules and mediates

recycling in COPI-coated vesicles of nonoptimally loaded

class I molecules back to the ER [79]. The importance of the

different receptors varies and some of them may act more as

an all-purpose quality control than as an absolute require-

ment [81].

3.5. Chaperones work in concert

The independent action as well as the cooperation of

chaperones are necessary for correct folding. Some chaper-

ones bind immature proteins thereby forming a scaffold,

allowing other chaperones to access the immature protein.

Synergistic behaviour has been shown for BiP together with

other chaperones. BiP cooperation with PDI has been shown

for the folding of antibodies in vitro [82] and with calreti-

culin for the folding of coagulation factor VIII [83]. A

kinetic protein-folding model has been proposed where BiP

functions as a chaperone and PDI as a catalyst, and this

model might also apply for other pairs of ER folding

chaperones and catalysts [84]. The interplay between chap-

erones forms advanced networks and these are dependent on

the state of the cell.
4. MHC class I maturation

MHC class I molecules are trimeric complexes dependent

on proper and assisted assembly. HC and h2-m assemble in

the ER and are loaded with peptide before export to the cell

surface. Assembly of the HC–h2-m dimer has been sug-

gested to take place cotranslationally and precede peptide

binding [85]. The proteasome-generated peptides are trans-

ported from the cytosol into the ER by the transporter

associated with antigen processing (TAP) [86]. TAP prefer-

entially transports peptides 8–12 amino acids in length

although peptides as long as 40 amino acids can be trans-

ported [87]. MHC class I molecules present peptides of
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usually eight or nine amino acids in length [88], suggesting a

role for ER proteases in trimming of TAP transported

peptides to generate suitable MHC class I ligands. Trimming

of peptides in the ER by aminopeptidases has been shown and

it has even been suggested that trimming may occur even

after peptide loading onto MHC class I [89]. Recently, the

aminopeptidase ERAAP was described to be essential for the

production of certain MHC class I ligands [90,91]. Optimal

peptides are stably loaded onto class I molecules through

interactions with specific anchor pockets in the class I peptide

binding groove. The binding is further stabilised by binding

energy from the C- and N-termini of the peptide and of the

peptide backbone. The complementary nature of the binding

groove and the peptide ligand has been demonstrated by

biochemical peptide elution experiments [92,93] and by

solving the structure of different class I–peptide complexes

by X-ray crystallographic studies [94–96].

The early stage of MHC class I maturation includes HC

binding to the chaperones BiP and calnexin. When HLA-

HC binds h2-m, calnexin is replaced by calreticulin whereas

the situation for mouse MHC class I alleles (H2) HC seems

to be somewhat different (as described in Section 4.2). The

HC–h2-m dimer subsequently forms part of the MHC class

I peptide loading complex (LC) containing, in addition,

tapasin, calreticulin, ERp57, TAP and perhaps also other

proteins [97]. Fig. 1 illustrates the cooperation between

accessory proteins in the ER quality control. Here the

cooperativity concept is specifically illustrated for MHC

class I maturation showing the teamwork of chaperones,

TAP and ERAAP.
Fig. 1. Schematic picture of antigen presentation in the context of MHC class I mo

membrane by TAP. Accessory proteins cooperate to allow MHC class I molecules

cell surface CD8+ T cells scan the typically 10,000 MHC class I molecules express

cnx—calnexin, crt—calreticulin, tpn—tapasin, ERAAP—ER associated aminopep
A large proportion of nascent HC polypeptides never

folds successfully but is instead degraded at an early stage

[98]. The proportion of properly folded and expressed MHC

class I molecules is allele-dependent [99]. Moreover, the

intrinsic stability, the dependence on glycosylation, and

chaperone interaction and the quality control steps all differ

for products of different class I alleles [20,99–101].

4.1. Roles of BiP and calnexin in early stage maturation of

MHC class I folding

During synthesis on the ribosomes, MHC class I HCs are

cotranslationally inserted into the ER through the trans-

locon. The signal peptide is cleaved off at once and ER

chaperones associate with the growing HC [17,102–105].

Human HC has been shown to associate with both BiP and

calnexin during early stage maturation. BiP binds human

HC at a stage before or simultaneously with calnexin and a

sequential mode of interaction has been proposed [102,106].

Association of HLA-HC and BiP has been shown with

biochemical methods in h2-m-deficient cells where the

maturation is arrested at an early stage. However, associa-

tion of BiP with class I molecules in mouse has so far not

been detected and could result from the differences in the

murine and human h2-m-deficient cell lines available or

possibly from differences in glycosylation between H2- and

HLA-HCs (see Section 4.2). Both BiP and calnexin bind to

the ER translocation machinery. BiP binds the ER trans-

locon and calnexin binds directly to the ribosome through its

C-terminal cytoplasmic tail [107]. The early chaperones
lecules. Peptides generated by proteasomes are transported through the ER

to be loaded with optimal peptide and be presented at the cell surface. At the

ed at each cell. Abbreviations: HC—heavy chain, h2-m—h2-microglobulin,

tidase.
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mediate polypeptide folding during vectorial translocation

as well as preventing premature degradation of the immature

proteins. Stretches of hydrophobic amino acids suitable for

BiP binding occur in proteins, on average every 40 residues,

allowing BiP to interact cotranslationally with the majority

of nascent polypeptides. Calnexin binding, on the other

hand, occurs first when an N-linked glycosylation site has

been properly inserted, glycan has been added and subse-

quently monoglucosylated [108,109].

4.2. Topology of the ER lectins differs and determines their

substrate interaction patterns

Differences in MHC class I glycosylation sites together

with the different topology of calnexin and calreticulin are

likely to account for differences in mouse and human HC

chaperone association. Human class I HC has a single N-

linked glycosylation sequon (Asn-X-Ser/Thr, X is any amino

acid except for proline) at Asparagine 86 (Asn86) while

mouse HCs in addition have either one or two more sequons

[110]. Since the HC is inserted into the ERN-terminal first the

glycosylation sequon is initially located close to the ER

membrane, and calnexin, the membrane-bound lectin, easily

gains access to the Asn86 glycan. The conformation change of

the HC when h2-m binds either allows or requires the soluble

calreticulin to replace calnexin.

In mouse the situation is to some extent different since

calnexin remains associated with HC after h2-m binds. The

proposal that the prolonged association of calnexin with

mouse HC, in comparison to human HC, results from

differences in the number and location of glycosylation

sequons has been supported by several different experimen-

tal systems. Mouse HC expressed in human cells preserves

the chaperone interaction pattern typical for H2 [102].

Moreover, studies of mutant human HC with a second

glycan introduced reveal an assembly process similar to

mouse HC with respect to lectin association [111].

The topology theory has been strongly supported and one

study has shown that calreticulin can be replaced by soluble

calnexin for HLA maturation [47]. The initial interaction of

HC with calnexin is also thought to be facilitated by the

direct interaction of calnexin with the polypeptide synthe-

sising ribosome [112]. Recently, both calnexin and calreti-

culin have been shown to exhibit classical molecular

chaperone activity when interacting with non-glycosylated

proteins in vitro [49,50]. Inhibition of the glucosidases

responsible for removing the glucoses from the core oligo-

saccharide by castanospermine abolished the interaction of

calreticulin with class I molecules [20], indicating the bona

fide action to be secondary to the lectin-like activity.

However, non-glycosylated MHC class I molecules have

been demonstrated to bind calnexin, obviously via a non-

lectin-like activity [52]. These calnexin bound class I

molecules were in an open conformation and accumulated

in the ER indicative of nonproductive folding and a role of

nonspecific calnexin binding to misfolded class I. ATP
depletion in h2-m-deficient cells resulted in accumulation

of GFP-tagged H2Kb as well as calnexin at ER subregions

distinct from the ER-exit sites used by assembled class I

[113]. Interestingly, no accumulation of class I at any ER

region was found in the presence of ATP. Instead these

molecules had very high mobility. The precise involvement

of calnexin in quality control and its possible role in the

degradation of misfolded class I remain to be elucidated.

The bona fide action of ER lectins concerning protein

maturation in general and specifically MHC class I matura-

tion remains to be further investigated.

4.3. ER lectins are a prerequisite for proper MHC class I

maturation

The importance of calnexin and calreticulin in the ER

quality control is obvious since the longer time a glycopro-

tein spends in the calnexin–calreticulin binding cycle, the

more likely that accurate folding of the protein will be

achieved. However, glycoproteins differ in their dependence

on glycosylation for correct folding, which is exemplified

by many well-studied viral proteins such as the VSV-G

protein [10]. Different strains of VSV show different

dependence on glycosylation for G protein maturation

[10,11].

Carreno et al. [52] showed that MHC class I molecules

deficient in glycosylation accumulate in the ER in an open

conformation. However, both unglycosylated as well as fully

glycosylated HCs were able to interact with calnexin in this

study. This might indicate a requirement for glycosylation as

an admission ticket to the calnexin–calreticulin quality con-

trol cycle while HC–calnexin association during nonproduc-

tive folding is independent of the glycosylation state. Studies

of MHC class I maturation in human cells where calnexin

association has been abolished have given different results.

Defects in maturation of HLA as well as in VSV G protein

have been shown when binding to calnexin is hindered.

Furthermore, mouse MHC class I molecules were shown to

misfold and aggregate in the absence of calnexin [16].

However, another study showed that assembly and transport

of various H2 alleles transfected into the human calnexin-

deficient cell line CMN.NKR are not significantly impaired in

the absence of calnexin [114]. Other studies of MHC class I

assembly in human cells showed normal class I assembly

regardless of the presence of calnexin [114,115]. The dis-

crepancy might be due to different models used and species

differences in class I maturation. The maturation rate of

different class I alleles is remarkably different [116,117]

and might further reflect the dynamic interplay between

substrate and ER chaperones. In human cells the simulta-

neous interaction of BiP and calnexin with class I HC has

been suggested to explain the unaffected maturation of MHC

class I in the absence of calnexin [102]. Also, overlapping

function of calnexin and calreticulin has been suggested to

allow proper MHC class I folding in human calnexin-

depleted cells [115,118]. The overlapping substrate range
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for classical chaperones and the ER lectins is well illustrated

at this stage of class I maturation.

Mouse class I molecules have also been shown to be

chaperoned by calnexin during late stage association with

tapasin and TAP, and it was originally proposed that

calreticulin was redundant in this system. However, recent

experiments in calreticulin knock-out mice have shown that

absence of calreticulin results in impaired peptide loading

and low stability of class I [119]. Importantly, calreticulin

deficiency did not directly impair incorporation of class I

into the MHC class I peptide loading complex. Transfecting

the cells with calreticulin cDNA but not with soluble

calnexin cDNA restored the MHC class I surface expres-

sion. This suggests a specific requirement for calreticulin for

a functional loading complex, which cannot be replaced by

a homologous lectin binding protein. The essential function

of calreticulin for class I expression might indicate the need

for a structural scaffold on which other loading complex

components (e.g. ERp57 and tapasin) are dependent for

efficient binding to class I molecules. In this complex

calreticulin may be initially recruited by monoglycans but

the binding might be sustained independently of its lectin-

like properties.

4.4. ERp57 interacts with distinct folding intermediates of

MHC class I

The best characterised function of ERp57 is its thiol-

dependent reductase activity, which catalyses the forma-

tion of protein disulfide bonds [120,121]. A role for

ERp57 in MHC class I assembly has been demonstrated

[18,19,122]. Two disulfide bonds are formed in the class I

HC, the first in the a-3 domain and the second in the

peptide binding a-2 domain. The importance of correctly

formed disulfide bonds is illustrated by mutation analyses

in either of these bonds, which leads to misfolding of

class I in the ER and results in deficient cell surface

expression [123–125].

Whether there is an interaction or not between free HC

and ERp57 has been a question of controversy but inde-

pendent reports have now shown that ERp57 associates

with calnexin-bound HC at a stage prior to HC association

with the loading complex [19,126]. Formation of the first

disulfide bond of the HC, located in the a-3 domain, takes

place soon after calnexin has bound and corresponds

temporally to the association of HC–calnexin with ERp57

[19,127]. It is also possible that the second disulfide bond is

formed at this stage as has been shown for HLA-B27 [126].

ERp57 is not able to bind HC in the human calnexin-

deficient cell line CEM.NKR but is instead proposed to be

replaced by another ER chaperone, ERp72 [128]. MHC

class I maturation has not been found to be impaired in this

cell line.

ERp57 is also found associated with MHC class I in the

loading complex [97,128]. This might indicate that not all

TAP-associated MHC class I molecules have correctly
formed disulfide bonds. The most intriguing explanation

for this is that some class I molecules remain partially

folded, or that the a-2 domain bond is formed and broken

and reformed, allowing exchange of suboptimal peptides

with optimal ones. When high-affinity peptide is loaded,

this will trigger stable formation of the second disulfide

bond and finally export of the stable class I molecule.

Indeed, conformational changes in class I molecules have

been observed after peptide binding [124,129]. Possibly

these changes might be due to finalising aminopeptidase

peptide trimming by ERAAP. Disulfide bonded tapasin-

ERp57 has been detected in the loading complex and,

interestingly, mutation of cysteine 95 in tapasin not only

prevents disulfide bond formation of the ERp57–tapasin

complex but also results in incompletely oxidised MHC

class I molecules [130]. Class I molecules in this study

exited the ER in an unstable conformation. Further studies

need to elucidate the exact role of ERp57 and partially

oxidized MHC class I in the loading complex.

4.5. Tapasin is an MHC class I dedicated chaperone

When the class I HC–h2-m dimer is formed, it binds

peptide to finalise the conformation. If the peptide fits the

binding groove well, the class I molecule is stable and will be

transported to the cell surface. On the other hand, if the class

I molecule receives a suboptimal peptide, further action of

ER chaperones is required. The MHC class I molecule is

then incorporated into the loading complex by binding to

tapasin [21,131]. Tapasin is a 48-kDa glycoprotein and is

stably bound to TAP. Tapasin not only bridges class I to the

loading complex but also influences the efficiency of peptide

binding to TAP in the cytosol [132]. We found that tapasin

binds to the h- and g-subunits of COPI-coated vesicles [79].

Moreover, MHC class I molecules were found to be COPI-

associated in the presence of tapasin but not in its absence.

Subcellular fractionation revealed that the COPI-associated

MHC class I molecules were found as late as in the Golgi

network and that they were peptide-receptive. A model

where tapasin mediates recycling of suboptimally loaded

class I molecules to the ER from late secretory compartments

is suggested. In this way, unstable class I molecules are

allowed a second chance to receive stable native conforma-

tion. Tapasin knock-out mice have reduced cell surface

expression of MHC class I and are deficient in eliciting T

cell-mediated immune responses [133,134]. Tapasin is

clearly essential for the maturation of MHC class I molecules

and represents one member of a possibly very large group of

dedicated chaperones of the ER.

4.6. The loading complex is a highly cooperative unit with

multiple interactions between the components

The high extent of cooperativity between ER chaperones

is well illustrated by examining the organisation of the

MHC class I loading complex. Recently the binding of
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calreticulin to class I was shown to be independent of

tapasin [135,136]. Other studies have demonstrated that

tapasin is a prerequisite for calreticulin binding to TAP

associated class I [18]. Tapasin is vital for proper MHC class

I cell surface expression as well as for the formation of the

loading complex [21,131]. Studies of the mutant B cell line

721.220, which is deficient in tapasin, show reduced

amounts of both calreticulin and ERp57 in the loading

complex [18,137]. Class I molecules are not found associ-

ated with TAP in these cells [100]. As a consequence, the

amount of class I associated with both ERp57 and calreti-

culin is reduced in this cell line [18,20]. Tapasin forms

disulfide bond-linked intermediates with ERp57 and muta-

genesis of tapasin cysteine residue 95 abolishes this inter-

action [130]. In 721.220 cells transfected with tapasin Cys95

cDNA, the peptide loading onto MHC class I is suboptimal

and unstable class I molecules are expressed at the cell

surface. Together these data imply a complex structure with

different kinds of interactions between the components of

the loading complex. Multiple interactions between compo-

nents of the loading complex clearly exist but the exact

organisation and the nature of these interactions remains to

be analysed in more detail. Moreover, the multiple chaper-

one interactions occurring both before and after HC associ-

ation with the loading complex need to be further studied.

So far, a partly sequential scheme has been established for

the MHC class I maturation as illustrated in Fig. 2.
5. Conclusions

Achieving information about the maturation of multi-

domain proteins such as MHC class I is of great importance
Fig. 2. MHC class I molecules assemble in the ER to stable native trimeric com

chaperones cooperate in a sequential mode to control the quality of the maturing m

calnexin, crt—calreticulin, tpn—tapasin.
to understand the general principles of folding in the ER as

well as revealing the biological functions of processed

proteins. It is of significance to determine the relation

between factors influencing folding in vitro and in vivo.

Moreover, principles of folding are related to the effects of

molecular crowding. Both folding kinetics and thermody-

namics need to be studied in the highly crowded environ-

ment of the ER to be able to proceed in the area of in vitro

folding. Also it is necessary to distinguish between the

general crowding effect on newly synthesised polypeptides

which result in assembly of multi component complexes,

enhancement of polypeptide chains into native structures

and the specific effects of crowding which increase the

efficiency of chaperones and dedicated molecules, in turn

promoting correct folding.

The abundance and redundancy of chaperones raise

folding accuracy significantly. The multiple chaperones

present result in a high success rate in protein maturation

of newly synthesised proteins even under conditions of

cellular stress and the UPR further points to the importance

of chaperones. The discovery of dedicated accessory mol-

ecules provides totally new insights into the ER quality

control and its diversity of mechanisms. The discovery of

several specialised chaperones such as HSP47, RAP and

tapasin will most likely be followed by discoveries of a wide

array of dedicated proteins helping in the maturation of

specific substrate proteins.

The urge to study and elucidate chaperone action in the

ER is highlighted by the role of chaperones in multiple

diseases. Aggregation of proteins is a phenomenon in a

growing number of diseases such as Alzheimer’s, Creutz-

feldt-Jacob, transmissible spongiform encephalopathies and

cystic fibrosis [138]. Moreover, chaperone-assisted MHC
plexes consisting of heavy chain, h2-microglobulin and peptide. Different

olecule. Abbreviations: HC—heavy chain, h2-m—h2-microglobulin, cnx—
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class I maturation has been shown to be specifically targeted

by different viral inhibitory strategies and the variety of these

viral mechanisms has been proven to be substantial [139].
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