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Abstract

The T cell receptor (TCR)–CD3 complex represents on of the most intricate membrane receptor 

structures since it is built from six distinct chains. This complexity led to a number of different 

proposals for the arrangement of the receptor subunits, its stoichiometry and the mechanisms 

responsible for receptor triggering. Early work had demonstrated that basic and acidic 

transmembrane (TM) residues were involved in the assembly but the molecular arrangement could 

not be deduced due to the complexity of the receptor. Using a novel method for the isolation of 

intact radiolabeled protein complexes, we demonstrated that the complex assembled in the ER 

contains only a single TCRαβ heterodimer and one copy of each of the CD3δε, CD3γε and ζ–ζ 

signaling dimers. Surprisingly, assembly of each of the three signaling dimers with TCR was 

dependent on one of the three basic TCR TM residues as well as both acidic residues located in 

the TM domains of the interacting signaling dimer. Each assembly step thus results in the 

formation of a three-helix interface in the membrane that involves one basic and two acidic TM 

residues, and this arrangement effectively shields these ionizable residues at protein–protein 

interfaces from the lipid. Since proteins whose TM domains have exposed ionizable residues are 

not stably integrated into the lipid bilayer, assembly based on shielding of ionizable residues 

permits full equilibration of the receptor into the lipid bilayer and prevents degradation. Assembly, 

export of intact receptor complexes and degradation of unassembled components thus rely on the 

same organizing principle.
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1. Introduction

Signaling through the T cell receptor (TCR) controls key events in the life of T cells: their 

development in the thymus from common lymphoid progenitors, the survival of naïve T 

cells following their exit from the thymus, and the differentiation of these cells into effector 
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populations with discrete functional profiles. The basic components of the receptor have 

been known for a number of years, but it has been difficult to determine the subunit 

interactions and the mechanisms responsible for the assembly of this receptor. As a result, 

the mechanisms leading to the initial triggering of the receptor have not been possible to 

define with certainty. The TCR heterodimer is responsible for ligand recognition and the 

four associated signaling components, CD3γ, CD3δ, CD3ε and ζ bear ITAM motifs in their 

cytoplasmic domains that are phosphorylated following receptor triggering (Klausner et al., 

1990; Exley et al., 1991; Dave et al., 1997; Marie-Cardine and Schraven, 1999; Kane et al., 

2000). The signaling components are known to form three distinct dimers: CD3γε, CD3δε 

and ζ–ζ (Fig. 1). A remarkable feature of the transmembrane (TM) domains of these receptor 

components is the presence of a total of nine basic/acidic residues. The three basic residues 

are located in the TM domains of the TCR, while each of the three signaling dimers carries a 

pair of acidic residues in the center of the membrane-spanning segments. Mutation of some 

of these polar residues was shown to result in a loss of receptor expression at the cell surface 

(Alcover et al., 1990; Blumberg et al., 1990; Rutledge et al., 1992), but it was difficult to 

deduce the molecular arrangement given the number of subunits from which the receptor is 

built.

2. Can assembly be explained by pairwise charge–charge interactions 

among transmembrane domains?

Cosson et al. (1991) proposed that assembly is determined by pairwise interactions between 

basic and acidic transmembrane residues, based on the notion that polar residues would form 

interactions in the membrane that are similar to the well-studied ionic interactions in an 

aqueous environment. Experimental evidence for this hypothesis was provided by 

transfection experiments in COS cells with two chain combinations (Cosson et al., 1991; 

Manolios et al., 1991). An interaction was observed between CD3δ and a fusion protein 

carrying the TM and cytoplasmic domains of TCRα and the extracellular domain of CD25 

(Tac) (Cosson et al., 1991). A major limitation of this approach was that higher-order 

assembly intermediates were not tested. Also, the interaction was maintained when either 

one of the two basic TCRα TM residues was mutated, raising questions regarding the 

specificity of these interactions. A number of other studies addressed this problem (John et 

al., 1989; Alcover et al., 1990; Bonifacino et al., 1990, 1991; Rutledge et al., 1992; 

Campbell et al., 1994), but it was not possible to assign a specific function to any of the 

basic or acidic TM residues due to limitations of the cellular systems that were available. In 

the Jurkat mutants that were used in transfection experiments only single chains could be 

experimentally manipulated. Expression of the entire receptor was accomplished in COS 

cells (Hall et al., 1991; Manolios et al., 1991), but expression levels were limiting since six 

different plasmids had to be simultaneously transfected.

3. Models of the TCR–CD3 complex: are one or multiple TCR present per 

complex?

These difficulties in explaining the subunit interactions led to a number of different models 

for the structural arrangement of the subunits and the mechanisms by which the receptor is 
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triggered. These models fall into two groups: the first group of models proposes that there is 

a single TCR heterodimer and one copy of each of the three signaling dimers per complex 

(Manolios et al., 1991; Punt et al., 1994; Kearse et al., 1995; Call et al., 2002), while the 

second set of models proposes that two or more TCR heterodimers are present per complex 

(Exley et al., 1995; Jacobs, 1997; San Jose et al., 1998; Fernandez-Miguel et al., 1999). The 

intellectual driving force for the multivalent models has been to solve the perceived charge 

imbalance problem: if two TCR heterodimers were present in the complex, the number of 

basic transmembrane residues would exactly match the six acidic transmembrane residues of 

the associated signaling dimers. The models are thus distinct in a critical aspect, the valency 

of complex. If two or more TCR were to be present in a complex, receptor activation could 

result from a conformational change in a pre-assembled receptor dimer as reported for 

cytokine receptors like the erythropoetin receptor (Livnah et al., 1999; Remy et al., 1999) 

and other hormone receptors (Carr et al., 2001; He et al., 2001).

This question was experimentally addressed by different groups using T cells from TCR 

transgenic mice, and different conclusions were reached. Singer and colleagues (Punt et al., 

1994) crossed two mouse strains that expressed distinct TCR heterodimers and found that 

the two different TCRα as well as TCRβ chains could be distinguished on 2D gels following 

deglycosylation. Immunoprecipitation experiments of surface receptors labeled with 125-

iodine demonstrated that an antibody to one TCRα chain did not co-precipitate the second a 

chain; the same observation was made when antibodies to the different TCRβ chains were 

used. de La Hera and colleagues (Fernandez-Miguel et al., 1999) came to the opposite 

conclusion when they analyzed T cells from mice that expressed two transgenic TCRβ 

chains. Their experimental strategy was based on immunoprecipitation of one TCR Vβ, 

followed by Western blotting for the other Vβ and thus did not discriminate between mature 

complexes, assembly intermediates and potentially misfolded proteins. They observed that 

the other TCR Vβ was co-precipitated, but the major fraction of the co-precipitated second β 

chain was not part of a disulfide-linked TCR heterodimer.

4. Direct assessment of the stoichiometry of the TCR–CD3 complex

In order to examine the subunit interactions that drive assembly of the receptor, we 

developed a novel approach for the isolation of intact radiolabeled receptor complexes (Call 

et al., 2002). In conventional two-step immunoprecipitation experiments, denaturing 

conditions are used to elute the bound protein complex from the first antibody (a denaturing 

detergent or change in pH). The second IP step then only permits assessment of the presence 

of a particular component of the complex, but does not allow isolation of intact complexes 

in which all chains are represented in the same relative quantities as in the native receptor 

structure. We solved this problem by using specialized affinity tags that permit elution under 

non-denaturing conditions following the first IP: biotin elution for a streptavidin binding 

peptide [SBP] (Wilson et al., 2001; Call et al., 2002) and chelation of calcium for a calcium-

dependent protein C antibody. We refer to this procedure as a sequential non-denaturing 

immunoprecipitation (snIP). Intact radiolabeled protein complexes can thus be isolated in a 

second IP step and the components can be quantitated using a phosphor imager following 

SDS-PAGE and transfer of radiolabeled proteins to a PVDF membrane. We chose to 

perform these experiments using an in vitro translation system in which radiolabeled 
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proteins are synthesized from input RNAs and co-translationally inserted into ER 

membranes where they assemble into receptor structures. A number of studies had 

demonstrated that the same protein–protein interactions are observed in this system as in 

metabolic labeling experiments performed in cells (Ribaudo and Margulies, 1992; 

Bijlmakers et al., 1993, 1994; Ribaudo and Margulies, 1995; Huppa and Ploegh, 1997; 

Hebert et al., 1998). The in vitro translation system offers a key advantage over cell-based 

metabolic labeling experiments: only the input RNAs are translated into radiolabeled protein 

since endogenous RNAs have been removed by nuclease treatment. Such in vitro translation 

experiments had traditionally been performed with microsomes isolated from canine 

pancreas (Walter and Blobel, 1983) and we developed a procedure for the isolation of 

suitable membrane preparations from human and mouse cell lines of B cell origin (Call et 

al., 2002) since they are closely related to T cells, but do not synthesize any component of 

the TCR–CD3 complex.

We used this system to directly address the two major issues related to the composition of 

the receptor: the number of TCR heterodimers (the valency) and the relative quantities of the 

different chains (the stoichiometry). In order to address the valency question, we performed 

assembly experiments in which the TCRβ chain carried two distinct affinity tags at the C-

terminus (SBP or HA tag). These affinity tags differ in their molecular weight and the 

resulting TCR heterodimers could thus be resolved by SDS-PAGE. These experiments 

demonstrated that only one TCRβ chain is present per complex since the heterodimer with 

the second affinity tag was not detected, regardless of whether the IP targeted the SBP or the 

HA tag. Complexes in which two differentially tagged TCRβ chains were incorporated 

could also not be detected in sequential non-denaturing IP experiments. The same results 

were obtained when two different TCRs (the MHC class I restricted A6 TCR and the MHC 

class II restricted HA1.7 TCR) were examined and when the tags were placed on either 

TCRα or β chains (Call et al., 2004, unpublished data). Since CD3ε is known to be present 

in two copies per complex we placed the same set of tags on this chain, and this positive 

control experiment demonstrated that the approach was suitable for addressing this question 

(Call et al., 2002). The results clearly demonstrated that the TCR–CD3 complex assembled 

in the ER contains only a single TCR heterodimer. These results are thus in agreement with 

the studies performed by Singer and colleagues (Punt et al., 1994), who assessed the valency 

of the TCR–CD3 complex expressed at the cell surface. How do we explain the opposite 

findings by de La Hera and colleagues (Fernandez-Miguel et al., 1999)? They detected 

complexes containing two TCRβ chains in lysates in which either 1% NP40 or Brij96 were 

used for solubilization. Since 1% NP40 is known to disrupt the TCR–CD3 complex (San 

Jose et al., 1998), the material detected in these immunoprecipitation reactions using whole 

cell lysates does not represent the intact receptor structure.

A direct assessment of the stoichiometry of all receptor components had not been feasible, 

due to a number of limitations of the cellular systems that were available. Direct 

stoichiometry measurements require homogenous labeling of all receptor components with 

the same tracer. Labeling of surface receptors with 125-iodine or biotin is not suitable since 

the number of labeled groups per chain is not known with certainty. Metabolic labeling is 

appropriate, provided that unlabeled receptor components synthesized prior to the initiation 

of labeling are not present in significant quantities. Since the half-life of the individual 
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components and partial complexes varies greatly, such experiments are difficult to perform 

in cell lines of T cell origin. Again, the in vitro translation system provides an elegant 

solution to these experimental difficulties since homogenous metabolic labeling is achieved 

and membranes from closely related cell types can be utilized that do not contain 

components of the TCR–CD3 complex (Call et al., 2002). We thus isolated intact 

radiolabeled complexes by two-step non-denaturing IP and measured the radioactive signal 

for each component following separation by SDS-PAGE under non-reducing conditions 

(Call et al., 2004, unpublished data). Under these conditions, the TCR forms a disulfide-

linked heterodimer and ζ a disulfide-linked homodimer. By taking the number of methionine 

residues present in each chain into consideration, we observed one copy of the ζ–ζ 

homodimer, one copy of CD3γ and CD3δ and two copies of CD3ε per TCR heterodimer. 

Since the valency experiments described above had demonstrated that a single TCR 

heterodimer is present per complex and CD3ε is known to pair with CD3γ and CD3δ 

(Berkhout et al., 1988; Bonifacino et al., 1988; Koning et al., 1990), we could conclude that 

the receptor is composed of one copy of each of the four dimers: αβ TCR, CD3δε, CD3γε 

and ζ–ζ. It was critical to exclude the possibility that the result was dependent on the choice 

of detergent used for solubilization of the complex. We thus examined a panel of different 

detergents for their ability to effectively solubilize the receptor without disrupting the 

interaction between the components, and performed the stoichiometry measurements with a 

second detergent belonging to a different structural class (Call et al., 2004, unpublished 

data). These experiments demonstrated the same relative quantities of the different 

components of the complex.

5. How are the three basic and six acidic transmembrane residues arranged 

in the TCR–CD3 complex?

The stoichiometry data indicate that a total of three basic and six acidic residues are present 

in an assembled TCR–CD3 complex and thus raise the question of how the TCR interacts 

with the other components of the complex given the apparent charge imbalance between 

basic and acidic transmembrane residues. The basic TCR TM residues are conserved among 

a variety of different of species and among different TCR forms (Fig. 2). The TCRδ chain 

that is expressed in γδ T cells is homologous to the TCRα chain, and both the TM arginine 

and the lysine are conserved among these chains. The two basic TM residues are also found 

in the pTα chain that assembles with TCRβ in developing thymocytes prior to rearrangement 

of the TCRα locus. Only three other residues are conserved among the TM domains of 

TCRα, TCRδ and pTα and two of these are leucine residues that are very common in TM 

domains due to their hydrophobic nature (see sequence alignments, Fig. 2). In TCRβ and the 

homologous TCRγ chain, the TM lysine residue is also conserved. The three basic TM 

residues are thus present in all three TCR forms (αβ TCR, γδ TCR and pre-TCR), suggesting 

that the principle mechanisms of receptor assembly are conserved among all TCR forms.

Previous mutagenesis experiments in Jurkat cells had demonstrated that the basic TCR 

residues are required for surface expression of the receptor (Alcover et al., 1990; Blumberg 

et al., 1990), but given the complexity of the receptor it had not been possible to define the 

molecular arrangement among the chains. The two-chain transfection experiments in COS 
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cells had suggested that either the lysine or the arginine in the TM domain of TCRα could 

interact with CD3δ (Cosson et al., 1991), and subsequent experiments had demonstrated 

many other potential two-chain interactions that could not be interpreted within the context 

of a single model of receptor assembly (Hall et al., 1991; Manolios et al., 1991). It was thus 

essential to determine whether each of the three basic TM residues served a particular 

function in the assembly process and to identify their interacting partners. A major 

advantage of the in vitro translation system was that mutations could be introduced in any 

chain and that the effect of mutations could be examined on defined chain combinations 

representing key assembly intermediates identified in cellular systems. We therefore 

examined mutations at the three basic TM residues in the context of all TCR–CD3 chains or 

relevant assembly intermediates (Call et al., 2002). These experiments demonstrated that 

each of the three basic TM residues serves a discrete role in the assembly process (Fig. 3). 

Mutation of the arginine in the TM segment of TCRα resulted in a selective loss of the ζ–ζ 

homodimer from the complex. The arginine of TCRα and the aspartic acid pair of the ζ–ζ 

homodimer are located in the upper third of their respective TM segments, while all other 

basic and acidic TM residues are located in the center of their TM domains. Studies in 

mutant cell lines that lack expression of the ζ chain have shown that all other components of 

the TCR–CD3 complex can assemble in the absence of the ζ chain (Sussman et al., 1988; 

Geisler et al., 1989; Weissman et al., 1989), indicating that it is the last component to join 

the complex.

The TM lysine residue of the TCRβ chain was identified as a key contact site for the CD3γε 

dimer and mutation of this basic residue did not affect assembly of TCR with CD3δε (Call et 

al., 2002). The four-chain complex of TCRαβand CD3δε assembled efficiently in the 

absence of CD3γ and ζ chains, indicating that it represents a relatively early assembly 

intermediate. Mutation of the lysine in the TM of the TCRα chain abrogated formation of 

this assembly intermediate while mutation of the other two basic TM residues had no effect. 

These experiments thus demonstrated that each basic residue is essential for assembly of one 

of the three signaling dimers with TCR: the two TCR lysine residues that are positioned 

within the center of the TCRα and β TM domains are required for assembly with the CD3δε 

and CD3γε dimers, respectively, while the TCRα TM arginine that is located in the upper 

third of the TCRα TM segment represents an interaction point for the ζ–ζ dimer (Fig. 3). 

These data are in agreement with prior work in which Brenner and colleagues had 

demonstrated an interaction between TCRβ and CD3γ using crosslinking techniques 

(Brenner et al., 1985), as well as studies by Geisler and colleagues who had demonstrated 

that the TCRαβ-CD3δε intermediate was formed in a Jurkat cell line deficient in expression 

of the CD3γ chain (Geisler, 1992).

We analyzed the interaction between the TCR and CD3δε in detail since it represents a 

relevant early step in the assembly process (Fig. 4). Assembly was observed both in the 

presence and absence of TCRβ, indicating that CD3δε assembles with TCR solely through 

interaction with the a chain (Call et al., 2002). Both the four-chain TCRαβ-CD3δε and the 

three-chain TCRα-CD3δε intermediates have been identified in cellular systems (Geisler, 

1992; Kearse et al., 1995). The interaction was also observed with a truncated TCRα chain 

in which only the TCRα TM domain and several flanking residues were present (Call et al., 

2002), indicating that assembly is driven by an interaction between the TCRα TM domain 
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and CD3δε. The TCRα TM lysine located in the center of the TM domain serves a critical 

function in this assembly step and its interaction with CD3δε is highly specific since it could 

not be substituted by arginine, histidine, glutamine or asparagine. A helical wheel 

representation of the TCRα TM domain (Fig. 4) indicates that it is located on the opposite 

face of the TM helix relative to the arginine, explaining how the two basic TM residues can 

serve as interaction sites for two signaling dimers.

How does CD3δε interact with the TM domain of TCRα? Mutagenesis of the two aspartic 

acid TM residues of the CD3δε dimer demonstrated that an alanine substitution at either site 

greatly reduced assembly with TCRα (Call et al., 2002), indicating that both acidic residues 

play a critical role. The conservative substitutions from aspartic acid to asparagine were 

particularly informative since the side chains have the same size and both aspartic acid and 

asparagine can serve as hydrogen bond donors and acceptors. Substitution of either aspartic 

acid to asparagine reduced assembly to a similar intermediate level (20–30% compared to 

wild type) while simultaneous substitution at both sites abrogated assembly. These data 

demonstrate that both aspartic acid residues are involved in this assembly step and that they 

play a similar role. This assembly step thus results in the formation of a three-helix 

transmembrane bundle, with each helix contributing one ionizable residue to the interface 

between the three helices (Fig. 4).

Interestingly, the same mechanism was found to be responsible for the assembly of CD3γε 

and ζ–ζ with TCR. Mutagenesis experiments targeting the lysine in the TM domain of TCRβ 

and the two aspartic acid TM residues of CD3γε indicated that this step is also dependent on 

the three ionizable TM residues located on the interacting TM helices. The interaction sites 

between TCRα-CD3δε and TCRβ-CD3γε are very similar in the membrane since both 

assembly steps involve a lysine located in the center of the respective TCR chain and the 

pair of acidic TM residues on the interacting CD3 dimer. The similarity between these two 

assembly events in the membrane was further illustrated by an experiment in which the TM 

domain of CD3γ was exchanged with that of CD3δ. This chimeric CD3γ chain was 

functional, yielding fully assembled complexes in which the TM domains of the interacting 

CD3 dimers were identical at the TCRα and TCRβ interaction sites (unpublished data). The 

extracellular domain of CD3γ contributes specificity since a chimeric protein with the 

extracellular domain of CD3δ and the TM and cytoplasmic domains of CD3γ failed to 

assemble with TCRβ.

Formation of a three-helix interface in the membrane is also critical for the interaction of the 

ζ–ζ dimer with TCR. Since ζ–ζ forms a disulfide-linked homodimer, we added different C-

terminal epitope tags to wild-type and mutant chains and selected dimers by sequential non-

denaturing IP in which only one aspartic acid residue was mutated (Call et al., 2002). Again, 

the conservative asparagine mutation of one of the two aspartic acid TM residues reduced 

the yield of assembled complex to ~20%, while a non-conservative substitution abrogated 

assembly.
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6. Organization of the assembly process

Formation of the TCR–CD3 complex thus depends on the proper placement of three basic 

and six acidic transmembrane residues and the complex is not formed even when only one 

of these nine ionizable residues is mutated. The same principal mechanism serves to 

organize the three major assembly events in which the CD3δε, CD3γε and ζ–ζ signaling 

dimers interact with the TCR through one of the three basic TCR TM residues. This 

arrangement is surprising since basic and acidic residues typically form pairwise interactions 

in an aqueous environment. However, the environment in the membrane is very distinct and 

can result in protein–protein interactions that are not or only rarely observed in an aqueous 

environment. Elegant work on model transmembrane helices has demonstrated that dimers 

and trimers can form when a single aspartic acid or glutamic acid residue is placed within a 

hydrophobic polyleucine helix (Gratkowski et al., 2001; Zhou et al., 2001). Such structures 

are also formed by TM helices with a single asparagine or glutamine residue (Choma et al., 

2000; Zhou et al., 2000, 2001; Gratkowski et al., 2001; Zhou et al., 2001), suggesting that 

hydrogen bonds between these polar residues mediate assembly. It is thus possible that the 

two acidic residues located in the TM domains of each signaling dimer interact, and that the 

basic TCR TM residue contacts this pair of acidic TM residues. The protonation state of the 

aspartic acid/glutamic acid TM residues is not known, but a charge imbalance may not 

necessarily be present (Engelman, 2003). For example, the aspartic acid pair could be 

partially protonated so that the average charge is −1 rather than −2.

The high-resolution crystal structure of bacteriorhodopsin (Luecke et al., 1999b), an integral 

membrane protein, has demonstrated an unusual interaction between acidic and basic groups 

that may be relevant for the TCR–CD3 complex. Bacteriorhodopsin is a light driven proton 

pump and the proton is generated deep within the TM domain by photoisomerization of the 

retinal. A critical water molecule is coordinated between one basic group (the Schiff base of 

the retinal) and two aspartic acid residues (D85 and D212). The interaction between this 

water molecule and the Schiff base is lost following the light-induced conformational 

change of the retinal, which destabilizes the water molecule (Luecke et al., 1999a). The 

resulting proton is then transported through a complex set of interactions from the center of 

the membrane to the cytoplasmic surface. This example demonstrates an unusual interaction 

between one basic and two acidic groups in an integral membrane protein involving a water 

molecule, and it is thus possible that the observed interactions between basic and acidic TM 

residues in the TCR involve structural water molecule(s) located at protein–protein 

interfaces.

Assembly of signaling dimers with the TCR occurs in a preferential sequence (CD3δε, 

CD3γε, ζζ), and these higher-order assembly steps are primarily dependent on protein 

interactions in the membrane (Fig. 5). Interactions among the extracellular domains are 

important in the formation of the individual TCR, CD3γε and CD3δε dimers, and both TCR 

and CD3γε have been expressed as soluble dimers without their TM domains (Garboczi et 

al., 1996; Garcia et al., 1996; Sun et al., 2001). In the case of TCRα-CD3δε assembly, we 

have shown directly that interactions among extracellular immunoglobulin domains are not 

required for formation of this trimeric complex (Call et al., 2002). Given the similarities 

among the TCRα-CD3δε and TCRβ-CD3γε interaction sites in the membrane, the 
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ectodomains may contribute to complex formation by preventing association of two CD3δε 

or CD3γε heterodimers with TCR (Fig. 6).

7. Coordination of TCR assembly, export and degradation by ionizable TM 

residues

Unassembled TCRα and β chains are retained in the ER and degraded within a relatively 

short time following synthesis (Chen et al., 1988; Bonifacino et al., 1989). ER retention and 

rapid degradation are due to the presence of basic TM residues, as shown elegantly by 

Klausner and colleagues (Bonifacino et al., 1990, 1991). Transfer of the transmembrane 

domain of TCRα to another type 1 membrane protein that is efficiently transported to the 

cell surface in its wild-type form (Tac, CD25) resulted in ER retention and rapid degradation 

(t1/2 of 10 min for the chimeric protein). The two basic TM residues of TCRα were 

responsible for this phenotype since substitution of both basic residues by leucine yielded a 

protein that was transported out of the ER with the efficiency and kinetics of wild-type Tac. 

Rapid degradation with a t1/2 of 10–15 min was also observed for a chimeric protein that 

carried the TM domain of TCRβ, indicating that the same mechanism operates for both 

TCRα and β chains. Disulfide-linked TCR heterodimer and unassembled TCRα chain were 

found to be degraded at the same rate (t1/2 of 35–45 min, somewhat longer than for the 

chimeric Tac proteins), indicating that interaction of the two TCR chains is not sufficient to 

prevent rapid degradation. However, assembly of TCRα and β chains with the CD3γε dimer 

inhibited degradation (Wileman et al., 1990), indicating that shielding of basic TM residues 

by the creation of protein–protein interfaces prevents degradation. Assembly of the TCR 

with signaling dimers thus masks the signals that promote degradation of unassembled or 

partially assembled receptor components.

Interestingly, ER retention and degradation result from introduction of either basic or acidic 

residues into the TM segment. Placement of either an arginine or an aspartic acid residue 

into the TM domain of Tac created a protein with a short half-life (t1/2 of 10–20 min) 

(Bonifacino et al., 1991). Importantly, Tac mutants carrying single arginine or aspartic acid 

residues in the center of the TM domain were glycosylated, indicating proper targeting to 

ER membranes. However, treatment of membranes containing normal or mutant forms of 

Tac at an alkaline pH extracted a significant fraction of mutant proteins, but not wild-type 

Tac, indicating that the proteins had not fully equilibrated into the lipid bilayer. The half-life 

of the Tac mutants was dependent on the position of the introduced basic or acidic residues, 

and rapid degradation resulted when the basic/acidic residues were placed in the central 

segment of the TM domain (positions 5, 8 or 10 of the TM domain for arginine and 8, 10, 

13, and 15 for aspartic acid). Interestingly, these correspond to the positions of basic 

residues in the TM domains of the TCR: both lysine residues are located in the center of the 

TM domains of TCRα and β, and the arginine is located at position 5 of the predicted TCRα 

TM domain. The acidic residues of CD3γ, δ and ε are located in the center of the TM 

domain, while the aspartic acid in the TM domain of ζ is positioned in the upper third of the 

TM segment (see Fig. 1).

These experiments could explain why unassembled TCRα, TCRβ, CD3γ and CD3δ chains 

have a short half-life when expressed alone in transfectants. When the murine CD3γ chain is 
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expressed alone, it is retained in the ER and degraded, but when it is coexpressed with CD3ε 

it forms a complex with a long half-life that resides in the ER (Bonifacino et al., 1989). The 

model in which the two acidic TM residues of a signaling dimer interact may help to explain 

these results. Formation of the signaling dimer may partially shield the two acidic residues 

from the lipid by creation of a protein–protein interface in the membrane. Only assembly 

with the TCR buries the acidic residues deeply in the interior of a three-helix protein 

interface and creates a structure that is energetically more favorable and thus more stable. 

This may also explain why the ζ chain has a longer half-life than CD3γ or CD3δ when 

expressed alone (Chen et al., 1988; Bonifacino et al., 1989): ζ forms a homodimer and thus 

does not require expression of a second protein to partially shield the TM aspartic acid 

residue from the lipid.

Integration of membrane proteins into the lipid bilayer is dependent on the Sec61p channel 

in the ER membrane which allows TM domains to come into contact with the hydrophobic 

interior of the membrane (Gorlich and Rapoport, 1993; Matlack et al., 1998). This channel 

provides a site in the membrane through which a TM domain can dynamically equilibrate 

between the lipid and aqueous phases (Borel and Simon, 1996; Heinrich et al., 2000). The 

regulation of TCR–CD3 assembly as well as retention and degradation of free chains and 

partial complexes can be explained based on a lipid partioning model in which the Sec61p 

channel represents the site where unassembled chains dynamically equilibrate between the 

lipid and aqueous phases based on exposed basic and acidic TM residues. Assembly with 

other components of the complex shields these polar groups from the lipid at protein–protein 

interfaces and thus permits full equilibration into the lipid bilayer and export from the ER, 

while a failure of assembly leads to retrograde transport through the channel and degradation 

in the proteasome. Retrograde transport through the Sec61p channel represents the initial 

step in the destruction of ER proteins and requires movement of TM domains from the 

hydrophobic interior of the membrane into the channel (Plemper and Wolf, 1999).

Experimental support for the lipid equilibration model comes from studies with a model type 

1 membrane protein whose interaction with the Sec61p channel was studied by introduction 

of a photoreactive amino acid in the TM domain (Heinrich et al., 2000). ER targeting was 

shown to result in a transient interaction of the TM domain with Sec61a and Sec61)' chains. 

In addition, a direct interaction of the TM domain with lipids could be visualized based on 

lipid crosslinks. Introduction of one or two arginine residues in the center of the TM domain 

yielded proteins that were properly targeted into ER vesicles and glycosylated. They were, 

however, not efficiently integrated into the lipid phase since a large percentage of the chains 

could be extracted by treatment with high pH, with alkali extractability being more 

pronounced for the protein with the two basic TM residues. The mutant proteins showed 

stronger crosslinks to the Sec61a and Sec61)' chains and additional crosslinks to a channel 

associated protein, TRAM. Lipid crosslinks were identified, indicating that these TM 

domains also interacted with surrounding lipids. These experiments thus demonstrated that 

the wild-type TM domain moved away from the channel, while TM domains with basic 

amino acid sidechain(s) had a greater propensity to remain at the interface of channel and 

lipid. These TM domains also contacted the TRAM protein which may thus be involved in 

retention at the translocation site of proteins whose TM domain is not sufficiently 

hydrophobic to fully equilibrate into the lipid phase. The amphipathic environment in the 
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vicinity of the Sec61p channel thus creates an environment for dynamic equilibration of 

membrane proteins with exposed polar TM residues and may allow TCR–CD3 components 

to assemble into a structure in which basic and acidic TM residues are shielded away from 

the lipid.

The basic and acidic TM residues of the TCR–CD3 complex are thus not only critical for the 

assembly of the correct receptor structure, but also provide the molecular signals for export 

of intact receptors and degradation of receptor components that have failed to assemble into 

the correct structure. Formation of this intricate receptor structure thus represents a highly 

organized set of events that can now be described in biophysical and structural terms.
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Fig. 1. 
Components of the TCR–CD3 complex. The TCR heterodimer is responsible for ligand 

recognition, while the associated signaling dimers (CD3δε, CD3γε and ζ–ζ) induce the 

signaling events that result from receptor engagement. A remarkable property of the receptor 

is the presence of three basic amino acids in the TM domains of the TCR (R: arginine, K: 

lysine; blue circles) and of a pair of acidic TM residues in each of the three signaling dimers 

(D: aspartic acid, E: glutamic acid; red circles). Such ionizable amino acids are energetically 

highly unfavorable in the hydrophobic interior of the lipid bilayer and these polar groups are 

shielded from the lipid at protein–protein interfaces in a series of assembly events that lead 

to the formation of the intact receptor complex.
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Fig. 2. 
Conservation of basic TCR transmembrane residues. In the pre-TCR that is expressed in 

thymocytes prior to rearrangement of the TCRα locus, TCRβ forms a heterodimer with pTα. 

Both basic amino acids (R: arginine and K: lysine) are conserved between TCRα and pTα 

indicating that both αβ TCR and pre-TCR are assembled based on the same general 

mechanism. The three basic TCR TM residues are also conserved in the γδ TCR that is 

expressed by a second lineage of T cells. Only six other residues are conserved among these 

TM domains, and four of these represent leucine residues that are very common in TM 

domains due to their hydrophobic character.
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Fig. 3. 
Each basic TCR transmembrane residue is required for assembly with a particular signaling 

dimer. Assembly experiments using an in vitro translation system permitted systematic 

mutagenesis of basic and acidic TCR–CD3 TM residues. Each basic TCR TM residue was 

found to be essential for TCR assembly with a particular signaling dimer. The assembly with 

the ζ–ζ dimer occurs as the last step, and mutation of the arginine in the TM of TCRα (R) 

resulted in a selective loss of the ζ–ζ dimer from the complex. The two lysine residues (K) 

are located in the center of the TM domains of TCRα and β and serve as critical contact 

points for assembly with the CD3δε and CD3γε dimers, respectively. The TCRαβ–CD3δε 

complex forms efficiently in the absence of CD3γ and represents an important initial 

assembly step. Association of CD3γε with TCR is more efficient in the presence of the 

CD3δε dimer indicating that the kinetically preferred sequence is assembly of TCR with 

CD3δε followed by association of CD3γε and ζ–ζ.
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Fig. 4. 
Assembly of TCRα with CD3δε through interactions between three TM helices. A helical 

wheel projection illustrates that the two basic TCRα TM residues are located on 

approximately opposite faces of the TM helix, demonstrating how they can mediate distinct 

assembly events. Systematic mutagenesis demonstrated that only the lysine residue (K) in 

the TM domain of TCRα is required for assembly with CD3δε and that the other two basic 

residues do not participate in this assembly step. The interaction between the TM lysine and 

CD3δε is highly specific since the lysine could not be substituted even by arginine. Both 

acidic TM residues of the CD3δε dimer are critical since mutation of either aspartic acid 

residue (D) greatly reduced complex formation. Assembly occurred with equal efficiency in 

the presence and absence of TCRβ, indicating that this assembly step results in the formation 

of a three-helix TM interface between TCRα and CD3δε. Such a three-helix interface can 

effectively shield the three ionizable residues from the lipid. This arrangement does not 

necessarily lead to a charge imbalance since partial or complete protonation of the acidic 

residues could reduce the average net charge for the aspartic acid pair.
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Fig. 5. 
Organization of TCR–CD3 assembly. Each of the three major assembly steps involves a 

basic TCR TM residue and a pair of acidic TM residues on the interacting signaling dimer. 

Formation of the correct receptor structure thus depends on the proper placement of a total 

of nine ionizable TM residues. Higher-order assembly is thus organized in three discrete 

steps based on the same principle mechanism. Each assembly event leads to the creation of a 

three-helix interface at which a basic and two acidic residues are shielded from the 

surrounding lipid.
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Fig. 6. 
Model for coordination of assembly, export and degradation by ionizable TM residues. 

Work by Rapoport and colleagues (Heinrich et al., 2000) has demonstrated that TM helices 

with exposed basic residues are not stably integrated into the lipid bilayer. Such chains have 

a higher propensity to maintain an interaction with the Sec61p channel through which TM 

domains gain access to the hydrophobic interior of the lipid bilayer. A dynamic equilibration 

model can thus explain integration of TM domains into the lipid bilayer: highly hydrophobic 

TM domains fully equilibrate into the lipid phase, while TM domains with exposed 

hydrophilic residues have a greater propensity to equilibrate at the water-lipid or protein–

lipid interfaces created in the vicinity of the channel. The Sec61p channel is also used for 

retrograde transport of proteins out of the ER, leading to their destruction in the proteasome. 

The dynamic equilibration model can thus explain the retention of unassembled TCR–CD3 

components in the ER as well as the short half-life of individual chains in which ionizable 

TM residues are exposed. Assembly effectively shields these ionizable TM residues from 

the lipid and thus permits full equilibration of the complex into the lipid phase and export 

from the ER. Assembly also shields other ER retention signals, such as the retention motifs 

located in the C-terminal segment of the cytoplasmic domains of CD3γ and δ (Engel et al., 

1992).
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