
Stoichiometric tapasin interactions in the catalysis of major
histocompatibility complex class I molecule assembly

Introduction

Tapasin is a 48 000 molecular weight (MW), type I trans-

membrane glycoprotein that is essential for the proper

assembly of major histocompatibility complex (MHC)

class I molecules with their peptide ligands in the endo-

plasmic reticulum (ER).1 This process of assembling

MHC class I heavy chains, light chains [b2-microglobulin

(b2m)] and peptide results in an appropriately folded

molecule that is competent for transport from the ER to

the cell surface and recognition by CD8+ T cells.

Peptide ligands are generated in the cytosol by the action

of proteasomes and trimming peptidases.2,3 Peptides are

then translocated into the ER by a heterodimeric member

of the ABC family of transporters, termed the transporter

associated with antigen processing (TAP).4,5 In the ER,

MHC class I heavy chains are synthesized and interact rap-

idly with the chaperone calnexin.6,7 MHC class I heavy

chains then dissociate from calnexin and interact with

b2m, calreticulin, ERp57 and a preformed complex of TAP

and tapasin.8,9 This peptide-loading complex comprising

MHC class I heavy chains, b2m, calreticulin, ERp57, TAP

and tapasin is essential for the efficient assembly of MHC

class I molecules.1,10 Biochemical purification has revealed

that four MHC class I molecules, calreticulin molecules

and tapasin molecules bind to each TAP transporter.1

Each component in the peptide-loading complex has

specific functions in assisting MHC class I assembly with

peptide. TAP translocates peptides into the ER and thus

represents the portal of entry of peptides.11,12 Tapasin

recruits MHC class I molecules to the peptide entry por-

tal by interactions with both TAP and MHC class I mole-

cules1,13,14 The soluble ER chaperones – calreticulin and

ERp57 – assist in the folding of many proteins destined

for the cell surface or for secretion.15,16 Calreticulin spe-

cifically interacts with monoglucosylated N-linked glycans

of nascent ER glycoproteins and assists in the folding of

MHC class I molecules.15,17 ERp57 is a thioredoxin family
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Summary

The assembly of major histocompatibility complex (MHC) class I mole-

cules with their peptide ligands in the endoplasmic reticulum (ER)

requires the assistance of many proteins that form a multimolecular

assemblage termed the ‘peptide-loading complex’. Tapasin is the central

stabilizer of this complex, which also includes the transporter associated

with antigen processing (TAP), MHC class I molecules, the ER chaperone,

calreticulin, and the thiol-oxidoreductase ERp57. In the present report, we

investigated the requirements of these interactions for tapasin protein sta-

bility and MHC class I dissociation from the peptide-loading complex.

We established that tapasin is stable in the absence of either TAP or

MHC class I interaction. In the absence of TAP, tapasin interaction with

MHC class I molecules is long-lived and results in the sequestration of

existing tapasin molecules. In contrast, in TAP-sufficient cells, tapasin

is re-utilized to interact with and facilitate the assembly of many MHC

class I molecules sequentially. Furthermore, chemical cross-linking has

been utilized to characterize the interactions within this complex. We

demonstrate that tapasin and MHC class I molecules exist in a 1 : 1 com-

plex without evidence of higher-order tapasin multimers. Together these

studies shed light on the tapasin protein life cycle and how it functions in

MHC class I assembly with peptide for presentation to CD8+ T cells.
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member containing two CxxC motifs. Thioredoxin family

members use these motifs to assist in the formation and

dissolution of disulfide bonds within nascent proteins to

achieve a properly folded final molecule.18 ERp57 is

known to form disulfide intermediates with target pro-

teins when assisting in their folding.19 Within the pep-

tide-loading complex we have previously demonstrated

that ERp57 and tapasin form a disulfide-linked intermedi-

ate.20 However, when the tapasin–ERp57 disulfide inter-

mediate is abolished, the redox status of MHC class I

molecules is altered, indicating that tapasin and ERp57

may work together to achieve appropriately folded and

oxidized MHC class I molecules.20 Tapasin also has mul-

tiple additional roles in facilitating MHC class I assembly.

Tapasin stabilizes the peptide-loading complex by inter-

acting with all proteins in the complex.21 The N-terminal

domain of tapasin is necessary for interaction with MHC

class I molecules, calreticulin and ERp57, while the

C-terminal domain of tapasin is sufficient for interaction

with TAP.21 By having discrete binding sites at opposite

ends of the molecule, tapasin bridges TAP and MHC class

I molecules and stabilizes the entire peptide-loading com-

plex. In addition to its bridging function, tapasin interac-

tion with MHC class I molecules results in the formation

of appropriate MHC class I–peptide complexes that are

transported to the cell surface.1,22 Thus, in the presence

of tapasin, high levels of MHC class I–peptide complexes

are observed at the cell surface and these complexes are

stable, persisting at the cell surface for several hours.23 As

tapasin aids in class I assembly and folding, it is consid-

ered a ‘chaperone’ for MHC class I molecules. Overall,

cells containing stable and functional tapasin exhibit

enhanced MHC class I levels owing to enhanced MHC

class I–peptide complex formation and stability.24

Tapasin also affects TAP stability. Tapasin enhances

TAP1 levels, resulting in enhanced TAP1/2-mediated pep-

tide translocation into the ER.21,22,25 Therefore, by pro-

moting heterodimer assembly and/or stabilizing the

peptide-binding site on TAP, tapasin is thought to act as

a ‘chaperone’ for TAP.26 The presence of tapasin therefore

leads to enhanced overall peptide levels in the ER for

MHC class I assembly.

Biochemical purification of the peptide-loading com-

plex suggests that each TAP1/2 heterodimer associates

with four tapasin molecules, four MHC class I molecules

and four calreticulin molecules.1 This 4 : 1 stoichiometry

may result from the formation of: a tapasin tetramer that

interacts with a single binding site on TAP; tapasin

dimers that associate with TAP at two independent sites;

or tapasin monomers that each associate with the TAP

heterodimer at four sites. In the present study we tested

for the existence of tapasin dimers or tetramers by using

chemical cross-linking.

Tapasin interaction with both TAP and MHC class I

molecules results in stabilization and promotion of

assembly. One of the objectives of the current study was to

determine how these interactions affect tapasin stability.

We undertook these tests by examining cells deficient for

either MHC class I interaction or TAP interaction. In our

analysis of the kinetics of tapasin interactions in these cells,

we present data arguing that, in wild-type cells, each tapa-

sin molecule is reused to assist the folding of multiple

MHC class I molecules sequentially. However, in the

absence of a peptide supply, tapasin is effectively perma-

nently bound and sequestered by MHC class I molecules.

As previous purification of the TAP complex revealed a

stoichiometry of four tapasin–MHC class I–calreticulin

molecules for every TAP transporter, we have also taken

advantage of deficient cells and chemical cross-linking to

examine the question of whether tapasin can form multim-

ers to achieve the 4 : 1 tapasin to TAP stoichiometry.

Materials and methods

Cell lines, antibodies and reagents

The b2m-deficient Burkitt’s lymphoma Daudi and its

restored counterpart, Daudi.b2m, have been described

previously.8 The human B-lymphoblastoid cell line, 45.1,

is the parent of the TAP-deficient mutant line, .174.27

Antisera recognizing the N- and C-terminal peptides of

tapasin (R.gp48N and R.gp48C, respectively) have been

described previously.21 The TAP1-specific antiserum,

R.RING4C, recognizes the C-terminal peptide of TAP1.13

Rabbit antiserum specific for calnexin was obtained from

Dr Ari Helenius (Swiss Feberal Institute of Technology,

Zurich, Switzerland). The calreticulin-specific rabbit anti-

serum was obtained from Affinity Bioreagents (Golden,

CO).21 Rabbit antiserum, R.ERp57, generated against

recombinant ERp57, has been described previously.20 The

cross-linker, ethylene glycol bis[succinimidyl succinate]

(EGS) was purchased from Pierce Biotechnology (Rock-

ford, IL).

Western blot analysis

Cells were extracted in lysis buffer containing Triton-

X-100. Postnuclear supernatants were subject to twofold

serial dilutions and denatured by using Laemmli sample

buffer. After heating, the samples were applied to

sodium dodecyl sulphate (SDS) polyacrylamide gels for

separation. Proteins were transferred to Immobilon-P

membranes. Non-specific binding sites on the membranes

were blocked by using 3% (w/v) skim milk in phosphate-

buffered saline (PBS) containing 0�2% (v/v) Tween 20. Pri-

mary antibodies were incubated in blocking buffer followed

by washing and incubation with alkaline phosphatase

secondary antibody conjugate. VistraECF substrate (Amer-

sham, Piscataway, NJ) was incubated with the blot before

scanning by using a Fluorimager instrument (Molecular
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Dynamics, Palo Alto, CA). The fluorescence intensity

was analysed by using imagequant software (Molecular

Dynamics).

Radiolabelling, immunoprecipitation and cross-linking

Prior to labelling, cells were washed in PBS and

methionine-starved in Dulbecco’s modified Eagle’s min-

imal essential medium (DMEM), lacking methionine, for

30–60 min at 37�. [35S]Methionine was added for the

desired incubation time. For pulse-chase studies, after

30 min of labelling, complete media containing excess

methionine was added to the cells and aliquots were

removed at various time-points for analysis. Following

labelling (and/or chase), cells were washed once in PBS

and extracted in 0�01 m Tris, pH 7�4, containing 1% (v/v)

Triton-X-100, 0�15 m NaCl, and the protease inhibitors,

phenylmethylsulphonyl fluoride (PMSF) and N-ethyl-

maleimide, as previously described.21 Postnuclear super-

natants were precleared by using Protein G–Sepharose.

Precleared supernatants were then subjected to immuno-

precipitation with antibody and Protein G–Sepharose.

Bound proteins were eluted and reimmunoprecipitated as

indicated in the figure legends.

Proteins were cross-linked by the addition of EGS

(0�4 mm final concentration) to lysis buffer [1% (v/v)

Triton-X-100, 0�13 m NaCl, 0�02 m bicine, pH 8�0]
immediately prior to solubilization of the cells. After

incubation on ice for 30 min to allow cross-linking and

extraction, the cross-linker was quenched by using glycine

(10 mm final concentration), and postnuclear super-

natants were precleared and immunoprecipitated as des-

cribed above.

Results

Tapasin steady-state levels are unaffected
by interactions with MHC class I or with TAP

Tapasin enhances the protein levels of both TAP and

MHC class I; however, the effect of these interactions on

tapasin protein levels is unclear. To determine the effects

of TAP interaction or of MHC class I interaction on tapa-

sin levels, we examined the tapasin steady-state protein

levels in the absence of each of these interactions. By

using fluorescence-based quantitative Western blotting,

we found that the amount of total tapasin protein is sim-

ilar in the TAP-deficient .174 cell line and its wild-type

counterpart, 45.1 (Fig. 1a). Identical levels of calnexin

were also found, demonstrating that equivalent cell lysates

were applied to the gel. These data indicate that the

absence of TAP interaction does not affect overall tapasin

expression.

In Daudi cells (which are deficient for b2m) tapasin

does not interact appreciably with MHC class I molecules

or calreticulin.8 Therefore, to examine the effect of MHC

class I interaction on tapasin stability, we used b2m-

deficient Daudi cells and their wild-type counterpart,

Daudi cells transfected with b2m (Daudi.b2m). The tapa-

sin protein levels in Daudi and Daudi.b2m were found to

be identical, indicating that the MHC class I (and calreti-

culin) interaction that occurs in Daudi.b2m does not

enhance tapasin levels (Fig. 1b). Therefore, the absence of

either TAP or MHC class I interaction does not alter the

steady-state protein levels of tapasin.

Tapasin remains associated with class I molecules in
.174 cells, resulting in fewer tapasin molecules being
available for association with newly synthesized
class I molecules

To examine the influence of TAP on the interaction

between tapasin and MHC class I molecules, pulse–chase

analysis of tapasin immunoprecipitates was performed in

45.1 and .174 cells (Fig. 2). Consistent with the identical

overall levels of tapasin observed in these two cell types,

tapasin stability is also identical in 45.1 and .174 cells

(Fig. 2a,2b). Tapasin-associated MHC class I heavy chains

are observed as the band migrating slightly faster than

tapasin (Fig. 2a, lower band). MHC class I heavy chains

dissociate from tapasin with a half-time of 4 hr in 45.1

cells, but show prolonged association in .174 cells (half-

time 24 hr, compare the open circles of Fig. 2c with those

of Fig. 2d). Therefore, tapasin and MHC class I heavy

chains appear to be permanently associated and degraded

with identical kinetics in TAP-deficient .174 cells.

This prolonged interaction in .174 cells allowed us to

test whether, in wild-type cells, each tapasin molecule is

reutilized to assist in the folding of many MHC class I

molecules sequentially. We predicted that, if each tapasin

molecule is reused to assist multiple MHC class I mole-

cules sequentially, we would detect a higher level of newly

synthesized MHC class I molecules in association with

tapasin in 45.1 cells compared to tapasin in .174 cells

(Fig. 3). This is because, in .174 cells, all pre-existing

tapasin molecules are essentially ‘permanently bound’ to

previously synthesized (non-radioactive) MHC class I

45.1 .174
2·5

Western blot

Calnexin

Daudi Daudi.β2m

Tapasin

Western blot

2·5 2·5 2·51·2 1·2 1·2 1·210 10 10 105 5 5 5

(a) (b)

Cell #
(x104)

Figure 1. Steady-state levels of tapasin in b2-microglobulin (b2m)-

deficient Daudi cells and transporter associated with antigen pro-

cessing (TAP)-deficient .174 cells. Extracts of 45.1 cells and of

TAP-deficient .174 cells (a), or of b2m-deficient Daudi and of

Daudi.b2m (b2m-restored) cells (b), were serially diluted, corres-

ponding to the number of cell equivalents indicated. Proteins were

transferred to membranes and probed for calnexin or TAP1.
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molecules and are not available for binding newly syn-

thesized (radioactively labelled) MHC class I molecules.

Therefore, in .174 cells, the only tapasin molecules avail-

able for MHC class I interaction are the newly synthesized

tapasin molecules. 45.1 cells contain this newly synthes-

ized pool of tapasin for MHC class I binding, but these

cells also contain pre-existing tapasin molecules that have
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Figure 3. Reduced available tapasin for class I interaction in trans-

porter associated with antigen processing (TAP)-deficient .174 cells.

Cells were metabolically labelled for 90–120 min, then lysed in

digitonin-containing buffer to preserve the major histocompatibility

complex (MHC) class I interaction with TAP and tapasin. (a) Bound

proteins after control (ctrl) or tapasin immunoprecipitations (IP)

were eluted and reimmunoprecipitated by using 3B10.7 [anti-class I

heavy chain (HC)] or rabbit anti-b2-microglobulin (b2m) serum.

Sodium dodecyl sulphate–polyacrylamide gels of the eluted samples

were imaged by autoradiography and phosphorimager analysis for

quantification, as shown in (d). Calreticulin (b) and MHC class I

heavy chains (c) were immunoprecipitated from the same lysates to

demonstrate equivalent protein synthesis levels and free heavy chain

pools. Quantification in (d) shows the reduced MHC class I and

b2m association with tapasin in .174 cells, but calreticulin and free

heavy chain pools are similar in .174 and 45.1 cells.
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Figure 2. Kinetics of tapasin–major histocompatibility complex

(MHC) class I interactions in the presence or absence of transporter

associated with antigen processing (TAP). Pulse–chase analysis of

45.1 and of TAP-deficient .174 cells was performed by using the

tapasin-specific antibody R.gp48C. Eluted proteins were electro-

phoresed on 12% polyacrylamide gels (a). Quantification of the tapa-

sin (bands marked with an arrow) and MHC class I bands from (a)

are shown in (b), (c) and (d). (b) Comparison of tapasin stability in

45.1 (open circles) and .174 cells (closed squares). (c) and (d) Analy-

ses of 45.1 and .174 cells, respectively, for tapasin (closed squares)

and associated heavy chains (HC, open circles).
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assisted in the folding of a previous MHC class I mole-

cule and permitted its export from the ER. Therefore,

these two pools of tapasin molecules in 45.1 cells provide

a larger overall pool with which newly synthesized MHC

class I molecules can associate. Indeed we detected four-

to fivefold more newly synthesized MHC class I molecules

associated with tapasin in 45.1 cells than in .174 cells

(Fig. 3a,3d).

This reduced level of MHC class I associated with tapa-

sin in .174 cells is not a result of lower tapasin levels

because 45.1 and .174 have similar synthesis rates, degra-

dation rates and steady-state levels (Figs 1a and 2). Nor is

this reduced MHC class I interaction the result of a smal-

ler pool of newly synthesized class I heavy chains because

these two cell lines have similar levels of newly synthes-

ized free heavy chains (Fig. 3c). The levels of newly syn-

thesized calreticulin were also identical in 45.1 and .174

cells (Fig. 3b). Therefore, in the absence of TAP, MHC

class I molecules remain associated with tapasin for exten-

ded time-periods and both molecules degrade with

similar kinetics. In contrast, the availability of TAP-trans-

located peptides in 45.1 appears to induce the dissoci-

ation of tapasin and MHC class I molecules, making

tapasin available for additional interactions. Together,

these data indicate that in wild-type cells a single tapasin

molecule can be reused, catalytically facilitating the load-

ing of many MHC class I molecules sequentially.

Tapasin and MHC class I molecules interact in a
1 : 1 stoichiometry, without evidence of higher-order
tapasin multimers

Purification of the TAP complex from wild-type cells has

indicated a stoichiometry of four tapasin, MHC class I

and calreticulin molecules for every TAP molecule. We

utilized chemical cross-linking to verify this stoichiometry

and to determine whether tapasin is capable of forming

multimers when it is not associated with TAP. In

Daudi.b2m cells, where the complete TAP–tapasin–

MHC class I–CRT–ERp57 loading complex exists, the

detergent Triton-X-100 dissociates tapasin–MHC class I

complexes from TAP. We reasoned that by using chem-

ical cross-linkers in Triton-X-100 detergent extracts, the

stoichiometry of tapasin to class I can be examined in the

absence of the co-ordinating effect of TAP. As class I

interaction with tapasin does not occur in Daudi cells,

Daudi cells were used as a control to determine which

higher order complexes of tapasin were dependent on an

interaction with MHC class I.

Daudi.b2m cells were radiolabelled, cross-linked with

EGS during Triton extraction and then the postnuclear

supernatants were subject to immunoprecipitation of

tapasin via its N terminus. Bound proteins were eluted,

and reimmunoprecipitation by using C-terminal tapasin-

specific antisera revealed five different protein species

from Daudi.b2m cells (numbered 1–5 in Fig. 4, upper

panel). These protein species ranged from 46 000 to

170 000 in apparent MW. The same procedure in Daudi

cells revealed only two of these species, at 170 000 and

46 000 MW (species number 1 and species number 5,

respectively, Fig. 4, lower panel).

Species number 5, which migrates at 46 000 MW, repre-

sents free tapasin that has not been cross-linked to any

other protein. Species number 1, at 170 000 MW, is only

observed with tapasin-specific antibodies. This species does

not include MHC class I heavy chains as it is observed in

Daudi cells, which do not have an appreciable tapasin–

MHC class I interaction, and it is not immunoprecipitated

by the heavy chain-specific antibody, 3B10.7. Although it is

possible that the 170 000-MW species represents tapasin

trimers or tetramers, we consider this unlikely because we

would expect cross-linking efficiencies to be incomplete,
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Figure 4. Cross-linking reveals a 1 : 1 tapasin : major histocompati-

bility complex (MHC) class I stoichiometry. Daudi and Daudi.b2m
(b2m-restored) cells were metabolically labelled for 1–2 hr. Proteins

were cross-linked by using ethylene glycol bis[succinimidyl succinate]

(EGS) during lysis in Triton-X-100-containing buffer. (a) After

quenching the remaining cross-linker with excess glycine, precleared

lysates were then subjected to tapasin immunoprecipitation (IP)

using antisera specific for the N-terminus (N.tpsn). Tapasin and

bound proteins were eluted by boiling in the presence of sodium

dodecyl sulphate (SDS) and reimmunoprecipitated for using tapasin

antisera specific for the N-terminal (N.tpsn) or C-terminal (C.tpsn)

peptides, 3B10.7 (HC), b2m-specific antisera (b2m), control (ctrl),

calreticulin-specific antisera (Crt), or ERp57-specific antisera

(ERp57). Second immunoprecipitates were eluted in reducing

Laemmli sample buffer and separated by sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE). Five radiolabelled

protein species (numbered 1–5) are observed in Daudi.b2m cells, but

only two of these species (numbers 1 and 5) are observed in Daudi

cells. b2m, b2-microglobulin.
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resulting in the detection of each of the intermediate spe-

cies (i.e. dimers, trimers and tetramers) rather than only

the final multimerized product. Therefore, we suggest that

species number 1, at 170 000 MW, represents tapasin

cross-linked to some currently unidentified protein(s)

whose cumulative MW is predicted to be � 120 000.

Given the TAP : tapasin stoichiometry of 1 : 4, if the

formation of tapasin dimers or tetramers occurred prior

to the association with TAP, we might expect to observe

these complexes in Triton extracts of Daudi cells as Tri-

ton breaks the interaction between tapasin and TAP.

However, EGS cross-linking of Daudi cell lysates reveals

no higher-order tapasin multimers (Fig. 4, lower panel),

indicating that interaction with TAP probably co-ordi-

nates the assembly of four individual tapasin molecules.

Species 2, 3 and 4 are dependent on MHC class I interac-

tion as they appear in Daudi.b2m cells, but not in Daudi

cells (Fig. 4: compare the upper panel with the lower

panel). Cross-linked species 2 migrates at � 130 000 MW

and contains tapasin. However, the identities of the

remaining proteins in this complex are currently unclear.

Cross-linked species 3 and 4, at 90 000 and 66 000 MW,

contain three epitopes: an N-terminal tapasin epitope; a

C-terminal tapasin epitope; and an MHC class I heavy

chain epitope. Species 3 migrates at the expected MW

(� 90 000) for a tapasin–MHC class I complex (46 000 +

44 000) in a 1 : 1 ratio. Species 4 exhibits a faster mobility

(at 66 000 MW), but contains the same tapasin and MHC

class I epitopes. Therefore, we suggest that species 4 is also

a tapasin–MHC class I complex present in a 1 : 1 ratio, but

whose conformation is altered such that it migrates faster

in an SDS–polyacrylamide gel. Together these data argue

that tapasin and MHC class I molecules exist in a 1 : 1 stoi-

chiometry and that at least two different conformers of this

complex can be detected.

Discussion

The interactions within the MHC class I loading complex

are intricate and critical for the efficient assembly of MHC

class I molecules with their peptide ligands. Tapasin plays

an essential role in the stabilization of this complex. In the

current report, we have presented evidence arguing that the

stability of tapasin itself is not altered by interaction with

MHC class I molecules or TAP. Strikingly, we find that in

the absence of peptide, newly synthesized MHC class I mol-

ecules and newly synthesized tapasin molecules interact sta-

bly with each other for several hours. In wild-type cells,

however, MHC class I molecules dissociate from tapasin,

and the same tapasin molecule is recycled to assist the fold-

ing of another MHC class I molecule. We also utilized

chemical cross-linking to demonstrate that each tapasin

molecule interacts with a single MHC class I molecule,

and this complex can be detected in two different

conformations.

Given that tapasin promotes the stability of both TAP

and MHC class I molecules, we examined whether these

interactions also had a reciprocal effect on tapasin stabil-

ity. In the absence of either MHC class I interaction

or TAP interaction, tapasin levels and/or stability are

unaffected. However, in each of these deficient cell types,

tapasin still interacts with the other components that

may promote its stability. For example, in TAP-deficient

.174 cells, tapasin still interacts (quite stably) with MHC

class I molecules, and this interaction may promote tapa-

sin stability. In Daudi cells, where the interaction with

MHC class I molecules is not appreciable, tapasin inter-

acts with TAP, which may promote tapasin stability.

Therefore, tapasin stability may be aided by multiple

interactions, any one of which may be sufficient. Further

studies of tapasin stability in the absence of all interacting

partners are required to address these issues.

We show here that tapasin and MHC class I heavy

chains interact in a prolonged and stable manner in TAP-

deficient .174 cells. These observations are consistent with

reports that tapasin retains MHC class I heavy chains in

the ER of invertebrate cells.28 Although the MHC class I

molecules in .174 cells do not bind peptide, they are more

stable compared to cells lacking tapasin.29 We show that

this stability is probably caused by prolonged interaction

with tapasin until both molecules are degraded.

By comparing the kinetics of the MHC class I interac-

tion with tapasin, we demonstrate that the stable interac-

tion in TAP-deficient .174 cells sequesters all previously

synthesized tapasin molecules. However, in wild-type

cells, previously synthesized tapasin molecules that have

already assisted in the folding and export of at least one

MHC class I molecule, are available for interaction with

newly synthesized MHC class I molecules.

Together these data demonstrate that tapasin is limiting

for association with MHC class I heavy chains, and that

MHC class I heavy chains are synthesized in excess.

Therefore, tapasin appears to be the limiting factor con-

trolling surface expression of MHC class I molecules in

these B-cell lines. If this were true in other cell types, we

would predict that surface MHC class I expression could

be directly correlated to tapasin protein levels.

Previous biochemical purification of TAP and its associ-

ated molecules has revealed that four MHC class I mole-

cules and four tapasin molecules were present for each

TAP molecule. Therefore, it appears that each TAP1/2

heterodimer co-ordinates four tapasin molecules. This

stoichiometry may be achieved by the interaction of one

tapasin tetramer with one site on TAP, or alternatively,

two dimers of tapasin may exist and interact with two sites

on TAP (i.e. one site on TAP1, and one site on TAP2).

Lastly, it is possible that four independent binding sites

exist on TAP (i.e. two sites on TAP1 and two sites on

TAP2). Support for the latter two mechanisms of tapasin

association with TAP comes from studies demonstrating
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that tapasin can interact independently with each subunit

of TAP.26,30 These data suggest that there must be at least

two binding sites on each TAP molecule. Using the homo-

bifunctional chemical cross-linker EGS, we have shown a

1 : 1 ratio of tapasin to MHC class I molecules without

evidence for higher-order tapasin dimers, trimers or tetra-

mers. We observe two forms of this tapasin–MHC class I

complex that migrate differentially by SDS-polyacrylamide

gel electrophoresis (SDS–PAGE). These two forms prob-

ably represent different conformations of the tapasin–

MHC class I complex. Therefore, although the interactions

within the peptide-loading complex are numerous and

complex, we have detected discrete interactions by using

chemical cross-linking. This approach has also revealed

two high-molecular-weight cross-linked species (species 1

at � 170 000 MW and species 2 at 130 000 MW) that

contain tapasin. Further studies are required to determine

whether these species contain molecules known to interact

with tapasin or novel proteins that are currently not

known to interact with tapasin.

Together, our studies show that tapasin is a relatively

stable protein, the half-life of which is not affected by the

absence of either MHC class I or TAP interaction. Each

tapasin molecule interacts with a single MHC class I

molecule to assist folding. Then, tapasin is recycled to

assist in the folding of another MHC molecule. Tapasin

appears to be the limiting factor in the surface expression

of MHC class I molecules which may render the tapasin

locus ideal for mutation by tumour cells and the tapasin

protein a target for viral proteins to suppress MHC class

I expression and the immune response.
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