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bstract. The T cell receptor-CD3 (TCR/CD3) complex is a multichain structure in charge of antigen recog� nition
in T cells. Despite many genetic, structural, and functional data obtained in recent years, essential questions
c� oncerning the TCR/CD3 complex still remain open, including: 1) the precise number of polype
 ptides in each
T

�
CR/CD3 complex, their interactions and spatial arrangement, 2) the role(s) of each polypepti

�
de in antigen

recognition and/or in receptor signal transmission, and 3) the relationship between the TC
�

R/CD3 complex and
o� ther membrane or cytoplasmic molecules involved in downstream signaling. In this work we sh

�
all review data

c� oncerning some of these issues, proposing a model of the overall structure of the TCR/CD3 comp� lex to explain
its known features.

K
�

ey words: T cell receptor; CD3; antigen recognition.

I
�
ntroduction

The antigen receptor of T lymphocytes (T cell re-
c� eptor, TCR) is a hallmark molecule whose membrane
e
 xpression defines the T (thymus-derived) subset of
lymphocytes. While antibodies, the antigen-specific ef-
f

�
ector molecules of the humoral adaptive immune re-

sponses, have been known for more than a century, the
molecules involved in antigen-specific T lymphocyte
r� esponses began to be detected in 1975, with the advent
o� f monoclonal antibody technology. Following the
f

�
inding that T cells recognize antigen peptides associ-

a� ted to (“ restricted by”) major histocompatibility com-
p� lex (MHC) molecules9

�
4, monoclonal antibodies were

o� btained against the CD3 polypeptides, showing its in-
v� olvement in antigen recognition6

�
9. Monoclonal anti-

b
�
odies recognizing the TCR which inhibited antigen

recognition in an antigen-specific fashion were first de-
scribed in 1983, as was the physical and functional
r� elationship between the TCR and the CD3 polypep-
t

�
ides, soon followed by the discovery of the genes cod-

ing for TCR chains (reviewed in16, 60)
�
.

T
�

here is agreement that mature TCR/CD3 com-
p� lexes are formed by 6 different polypeptides (these
b

�
eing the α and β TCR chains, the CD3γ� , δ and ε  poly-

p� eptides, and the ζ chains) necessary and sufficient for
t

�
he expression of the TCR/CD3 complex, as deter-

m! ined by expression in non-T cells45 or in micro-
somes3

"
6.

The TCR/CD3 complex is structured as different
modules. One is involved in antigen-specific recogni-
t

�
ion (TCR), whereas the others, formed by the CD3γ� ,
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δ, ε  polypeptides and the ζ chains, are organized as di-
mers (CD3εγ , CD3εδ , and ζ-ζ)

�
, are non-covalently

b
�
ound to the TCR moiety, and are involved in signal

t
�
ransduction primarily through the presence of immu-

noreceptor tyrosine-based activation motifs (ITAM)11, 70

in the cytoplasmic tails of the CD3 and ζ chains3
"
7, 51,

5
#

6, 89, 90. Since it is well established that there are at least
t

�
wo CD3ε  chains per TCR/CD3 complex7

$
, 20, a minimal

model of the complex includes one TCR heterodimer,
o� ne CD3εγ  and one CD3εδ  dimer, plus one disulfide-
-linked ζ chain homodimer (Fig. 1A). In addition, the
C

�
D3 and ζ chains fulfill a structural role, being necess-

a� ry for the correct assembly and expression of the com-
p� lex in the cell membrane1, 48, 59, 77.

The Antigen-Recognition Module TCR

I
%
n most human and mouse T lymphocytes, the

a� ntigen-recognition module is composed of a disulfide-
-linked heterodimer of two chains, α and β* . Each one
i

�
s a type I membrane glycopolypeptide having an ex-
t

�
racellular region formed by a V-like and a C-like Ig
d

&
omain, a stalk of 13 (TCRα)

�
 or 19 (TCRβ)

�
 amino

a� cids connecting these domains to a transmembrane do-
main, and a short cytoplasmic tail of 4–5 amino acids.
Since the discovery of TCRα and β chain sequences, it
is clear that, unlike many other membrane receptors,
TCR cytoplasmic domains cannot account for signal
t

�
ransmission** . According to crystallographic data, the

g� eneral structure of the extracytoplasmic TCRα and
β heterodimer is roughly that of an immunoglobulin

F
'

ab fragment, with some peculiarities3
"
0, 31. For in-

stance, the angle formed by the axis of the C and V do-
mains is smaller in TCRs than in Fab fragments. In
a� ddititon, TCRs have a relatively flat antigen-binding
surface and a fourth hypervariable region in the TCRβ
v� ariable (V) domain, plus a characteristic elbow be-
t

�
ween the F and G strands of the TCRβ constant (C)
d

&
omain close to the V domain. The position of this

e
 lbow shows certain variability depending on neighbor-
i

�
ng charges86. On the other hand, TCRs are a symetric

a� s a consequence of the arrangement of the TCR Cβ
d

&
omains and the small Cα domain. Furthermore, the

i
�
nteraction between the Cα and Cβ domains is such that

a�  “pocket”  or “cave” is formed below part of the Cβ
d

&
omain, located roughly beneath the F to G loop elbow

a� nd part of the ABED sheet in the Cβ domain, with the
C

�
 to D and E to F loops plus some glycans in the Cα

d
&
omain lining one side86. It was proposed that this

p� ocket was the site of interaction between the TCR and
C

�
D3 polypeptides3

"
2, 86.

I
%
t has been shown that the stalks connecting the

I
%
g-like domains and the transmembrane domains are of

p� rime importance for some TCR-CD3 interactions as
w( ell as for downstream signaling. This issue has been
a� nalyzed in detail by Palmer’s group by means of α and
β chain mutation analysis in transfected T cells and
t

�
ransgenic mice. This analysis detected a sequence
motif (FETD×N

)
LN) conserved in different TCRα

c� hains5
#
 that is absent from the structurally related TCRδ

c� hains. Changes in this motif produce a weaker inter-
a� ction with the CD3δ and ζ chains and a defective re-
sponse to superantigens restored by calcium iono-
p� hores5

#
, 6. Interestingly, in thymocytes this sequence

motif is particularly important for interaction with
C

�
D3ε.δ  dimers6

�
 and is linked to selective defects in the

ERK MAP pathway activation and the recruitment to
m! embrane rafts of Lck, ZAP-70 and phosphorylated
ζ and LAT in thymocytes activated by a positively se-
l

*
ecting peptide, a defect which does not extend to other
e
 arly downstream signaling pathways9

�
2. This selective

d
&
efect has been independently observed in thymocytes

from mice transgenic for different CD3δ chain con-
structs, confirming the importance of distinct CD3
c� hains and their interaction with the TCR for specific
a� ctivation pathways21.

The TCRβ chain connecting peptide has been also
a� nalyzed by Palmer’s group, showing that point muta-
t

�
ion of one aminoacid alters calcium-dependent TCR-me-

d
&
iated signaling4

+
.

The transmembrane domain of α(δ) and β(γ) TCR
c� hains are of prime importance for the maintenance of
TCR-CD3 interactions. Particularly, these domains

Fig. 1. Alternative models for a minimal stoichiometry of the
TCR/CD3 complex. Models containing one (A) or two (B) TCRαβ,

h
-
eterodimers per complex are depicted. The distribution of nega-

t
.
ively and positively charged residues within the transmembrane

d
/
omains of the polypeptides is shown schematically. Tyrosine

r0 esidues within cytoplasmic ITAMs are depicted as dots

 *  The data refers to human chains, unless specified otherwise.
**  Nevertheless, the long intracytoplasmic tail of pre-Tα,  chains

e1 xpressed by immature T lymphocytes is responsible for control
mechanisms of pre-TCR expression in the cell surface13.2
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p� ossess one (β and γ� )
�
 and two (α, δ and pre-Tα)

�
 con-

served, positively charged amino-acid residues. Ac-
c� ording to mutation analysis, these residues are necess-
a� ry for interactions with several CD3 polypeptides,
w( hose transmembrane domains possess one negatively
c� harged amino-acid residue each2, 43, 58. Analysis of the
t

�
ransmembrane domain of human TCRβ chains has

a� lso revealed that the interaction between the TCR and
C

�
D3ζ chains, as well as some TCR signals, depend on

o� ther, non-polar amino acids within this domain7
$

2.

CD3 Chains

T
�

he CD3γ� , δ and ε  chains are 20–26 kDa polypep-
t

�
ides which are the products of duplication of a com-
mon ancestor gene. In fact, some species of vertebrates
have only CD3ε  chains plus CD3γ� /

3
δ chains having

c� haracteristics and properties of both CD3γ�  and CD3δ
c� hains3

"
4, 35.

C
�

D3ε  chains form non-covalently bound heterodi-
m! ers by pairing with CD3δ and CD3γ�  chains shortly
a� fter synthesis in the endoplasmic reticulum16, 25, 46. The
e
 xtracytoplasmic region of CD3 polypeptides is com-
p� osed of an Ig C2 domain plus a connecting peptide.
This peptide stalk includes a highly conserved se-
q4 uence containing two cysteine residues which is
n5 ecessary for the pairing of CD3ε  with CD3δ and
C

�
D3γ� , possibly through the formation of four-cysteine

Zn+2-containing bonds between CD3ε  and CD3δ or
C

�
D3ε  and CD3γ�  chains9

�
. The interaction between the

Ig C2 domains is also needed for ε.δ  and ε .γ hete-
r� odimer formation7

$
9.

C
�

D3γ� , CD3δ, and CD3γ/δ�  chains from different
species are glycoproteins with consensus N-glycosyl-
a� tion sites in the extracytoplasmic domain. Glycosyl-
a� tion of CD3δ chains, but not of CD3γ� , is needed for
o� ptimal surface expression of TCR/CD3 complexes, as
n5 on-gycosylated CD3δ chains are bound for degrada-
t

�
ion2

	
6. Potential sites for CD3γ�  and CD3δ glycosylation

a� re located in loops between β strands of the C domain,
o� r in strands not involved in putative C-C domain in-
t

�
eractions (Fig. 2, see below). In contrast, CD3ε  chains
lack glycosylation sites in all species analyzed so far,
i

�
ncluding birds and toads3

"
4. The small size of the ex-

t
�
racellular CD3ε  C2-like domains, their lack of glyco-

sylation sites, and their mode of interaction with CD3γ�

c� hains7
$
9 (Fig. 2) suggest that CD3ε  chains are respon-

sible for close contacts with the TCR heterodimer,
p� ossibly lodged beneath the “cave”  formed by the TCR
C

�
 domains3

"
2, 86. Other data favoring this interpretation

include the low isoelectric point of the extracellular

d
&
omain of CD3ε  chains as opposed to the relatively

high number of positively charged amino-acid residues
p� resent in TCR C domains, favoring an electrostatic
i

�
nteraction between them3

"
2, 86. Indeed, it is known that

TCRβ-CD3ε  interactions are dependent on their extrac-
e
 llular domains, whereas TCRα-CD3ε  interactions de-
p� end on the charged amino acids in the transmembrane
d

&
omain5

#
8. Interestingly, the NH2

	 -terminal region of
C

�
D3ε  chains contains several negatively charged

a� mino-acid residues. Recent data from our laboratory
indicate that the NH2

	 -terminal region of mouse CD3ε 

c� hains can be degraded to variable extents by proteases
i

�
n different T cells and T cell lines18 (ROJO, unpub-

lished data). Partial or total loss of these residues by the
a� ction of proteases might impair TCR-CD3ε  chain in-
t

�
eractions. Indeed, we have found that cells having

a�  high proportion of protease-degraded CD3ε  chains
have looser TCR-CD3 interactions than cells having
a�  low proportion of degraded CD3ε  chains18.

O
6

n the other hand, it is well established that the
n5 egatively charged amino-acid present in the trans-
m! embrane domain of CD3γ� , CD3δ and CD3ε  chains is
necessary for the stability of TCR-CD3 interactions2

	
6, 58.

The cytoplasmic domain of CD3γ� , CD3δ, or CD3ε 

p� olypeptides (and ζ chains89, see below) is dispensable
for the assembly of the TCR/CD3 complex10, 26, 54, 81.
C

�
D3γ�  deficiency causes deficient surface TCR/CD3 ex-

p� ression, particularly in CD8+7  T cells4
+

4, as well as al-
t

�
ered structure of the expressed TCR/CD3 complexes9

�
3.

The defect in TCR complex expression in cells lacking
C

�
D3γ�  might be due to its extracellular domain, as

shown in experiments of substitution between CD3γ�

a� nd CD3δ extracellular domains88. Human CD3γ�  and
C

�
D3δ chain constructs lacking the cytoplasmic domain

c� an substitute the mouse counterparts5
#

4. Taken together,
t

�
hese data suggest that phylogenetically conserved dif-

f
�
erences between CD3γ�  and CD3δ extracellular do-

mains are responsible for their differential behavior.

Fig. 2. Schematic location of CD3ε8  acidic residues (black dots) and
CD3γ9  glycosilation sites (grey circles) in the external domains of
mouse and human CD3εγ8  heterodimers. Ribbon diagrams of CD3εγ8

dimers as described by SU
:

N et al.7
;
9, with some modifications. The

position of CD3ε8  amino-terminal residues before strand A is hypo-
thetical
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T
�

he cytoplasmic domain of CD3ε  chains is part of
o� ne of the two “signal transduction modules”  detected
in the TCR/CD3 complex5

#
1, 89, the other being the cy-

t
�
oplasmic domain of ζ chains3

"
7 (see83, 90 for reviews).

C
�

D3ε  chain cytoplasmic domain sequences are very
c� onserved among species and contain one typical
I

%
TAM motif involved in signal transduction. In vitro,

t
�
yrosine-phosphorylated ITAMs from CD3γ� , δ, ε  and

ζ bind different SH2 domain-containing proteins in-
v� olved in the early steps of TCR signaling, including
t

�
he ZAP-70 and Lck tyrosine kinases, the adapter pro-

t
�
eins Grb-2 and Shc, or the p85 regulatory subunit of

t
�
he phosphatidylinositol 3-kinase19, 65. Recently, it has

b
�
een determined that a conserved proline-rich region

w( ithin the CD3ε  cytoplasmic tail binds Nck3
"
3. Nck is

a� n adapter protein known to have an important role in
TCR-mediated T cell activation7

$
5. Indeed, blocking

N
)

ck-CD3ε  interactions inhibits TCR activation, includ-
i

�
ng maturation of T cell-APC “ immunological synap-
ses”3

"
3. Interestingly, although Nck associates through

i
�
ts SH3-1 domain to isolated CD3ε  cytoplasmic chains,

i
�
t does not bind to CD3ε  within TCR/CD3 complexes

u< nless there is a TCR/CD3 activation signal. Further-
more, Nck association to CD3ε  upon activation is not
d

&
ependent on tyrosine phosphorylation and tempera-

t
�
ure, but on some kind of conformational change or

r� e-organization within the TCR/CD3 complex, which
c� an be induced by monovalent ligands (i.e. Ig Fab frag-
ments) of the TCR3

"
3.

The cytoplasmic domains of CD3γ�  and CD3δ chains
a� lso possess one conserved ITAM motif each. CD3γ�

c� hains also have a di-leucine internalization motif
(SxxSxxx LL) which is hidden when these chains are
w( ithin the TCR/CD3 complex. This motif is exposed
u< pon protein kinase C (PKC)-mediated phosphoryla-
t

�
ion, producing PKC-mediated internalization of

T
�

CR/CD3 complexes2
	

3, 24. TCR/CD3 complexes also
p� ossess other ligand-dependent and -independent inter-
n5 alization mechanims8, 53, 76.

Zeta Chains

U
=

nlike the other elements of the TCR/CD3 com-
p� lex, ζ chains do not belong to the Ig superfamily, but
t

�
o a family of polypeptides involved in membrane sig-
nalingwhich includes the Fcε RI γ�  chains49. The ζ gene
u< ndergoes alternative splicing, producing quantitatively
m! inor products (η> , θ, ι? )

�
 which can also be found in

TCR/CD3 complexes15, 41, 64, 91, as can also happen with
F

'
cε R

@
I γ�  chains in particular instances5

#
2. Zeta chains

c� omprise a short extracytoplasmic domain of 9 amino

a� cids, a transmembrane domain of 21 amino acids con-
t

�
aining a cysteine involved in homodimerization as
w( ell as a negatively charged amino-acid residue, and
a�  cytoplasmic domain of 112 amino acids containing
t

�
hree tandem ITAM motifs. In TCR/CD3 complexes,

ζ chains are found as homodimers linked by a disul-
p� hide bridge in the extracellular domain, with minor
a� mounts of heterodimers of ζ chains and η>  or other
splicing products.

T
�

he interaction of ζ chain dimers with the rest of
t

�
he TCR/CD3 complex is only observed after the incor-

p� oration of TCRα or β chains with preformed ε .δ or
ε.γ  dimers7

$
, 14, 46, 77. Interestingly, the short extracyto-

p� lasmic ζ domain, and particualrly the acidic amino-acid
r� esidue within it, is needed for ζ chain association to
t

�
he TCR/CD3 complex, and efficient surface express-

ion and TCR-mediated activation4
+

2. An interaction be-
t

�
ween ζ homodimers and TCRαβ chains is also sug-

g� ested by analysis of immunoprecipitates using TCR-
o� r CD3-specific monoclonal antibodies, whereby
ζ chain co-precipitation with the TCR is much stronger
t

�
han with CD3 polypeptides under conditions favoring

TCR-CD3 dissociation (ROJO, unpublished). These
d

&
ata, plus the importance of the TCRα and TCRβ con-

n5 ecting peptide in ζ chain association, all indicate that,
w( ithin the complete complex, ζ chains interact with the
T

�
CR heterodimer rather than with CD3 dimers. Asso-

c� iation of ζ chains to the complex might hide endoplas-
mic reticulum retention sequences of CD3ε  chains5

#
7,

a� llowing efficient transport of the complete TCR/CD3
c� omplex to the Golgi compartment for maturation and
e
 ventual expression in the cell membrane. Interestingly,
i

�
t has been observed that ζ chains lacking most of the

c� ytoplasmic domain can also fulfill this role in
TCR/CD3 transport and maturation, suggesting that this
masking is due to a re-organization of the complex,
r� ather than a direct effect of the ζ chain cytoplasmic
t

�
ails3

"
, 89.

T
�

he functional role of the three tandem ζ chain
ITAMs has been the subject of much speculation, par-
t

�
icularly concerning the question of whether they are

redundant or have distinct, specific functions. ITAM
a� re essential to ζ chain-mediated signaling, and all of
t

�
hem can separately or together induce activating sig-

n5 als in transformed cells, such as Jurkat, when ex-
p� ressed as isolated membrane fusion proteins (reviewed
in47, 90)

�
. Upon activation of T lymphocytes, ζ chain

ITAM are phosphorylated by Src tyrosine kinases, such
a� s Lck and Fyn, allowing the binding of SH2-domain-
-containing proteins. All the phosphorylated ζ chain
I

%
TAM bind the ZAP-70 tyrosine kinase that is essential

t
�
o TCR-mediated signaling. However, it has been re-

266 M. J. Feito et al.: TCR/CD3 Complex



c� ently shown that ITAM phosphorylation proceeds in
a�  precise and controlled sequence which depends on
t

�
he strength of TCR stimuli6

�
3. In addition, tyrosine-

p� hosphorylated ITAM differ in their affinity towards
SH2 domains from different proteins, suggesting a par-
t

�
ially redundant, yet distinct role of each ITAM in TCR

signaling19, 65. Conflicting results exist as to the import-
a� nce of ζ chain ITAMs in normal mature T cells. MA-

LISSEN and SCHMITT-VERHULST5
#

6 have recently shown
n5 ormal TCR/CD3 assembly and T cell development
a� nd function in mice expressing ζ chains lacking cyto-
p� lasmic tails. However, ζ chain ITAMs might be essen-
t

�
ial to the development of T cells with different TCR
specificities and affinities7

$
8.

The TCR/CD3 Complex: 
aA  Model for Subunit Interactions

Despite enormous progress in recent years, includ-
i

�
ng the determination of TCR and CD3 heterodimer

structures, the precise structure of the TCR/CD3 com-
p� lex is not known. Relevant questions include: 1) how
many polypeptide chains there are per complex, i.e., the
p� recise stoichiometry of the complex; 2) how these
p� olypeptides interact among themselves and their spa-
t

�
ial relationships in the cell membrane; and 3) whether
o� r not the TCR/CD3 complex undergoes changes in its
structure and interactions upon binding to MHC-antigen
o� r other activating ligands.

B
B

efore proposing our model, we have carefully
e
 valuated the available data on the TCR/CD3 complex,
i

�
ncluding 1) known interactions between its polypep-
t

�
ides in the cell membrane and during complex assem-

b
�
ly; 2) the biochemical and immunochemical data on

t
�
he size of the TCR/CD3 complex, and the minimal

n5 umber of polypeptides per complex; 3) the known
structural data, particularly crystallographic data, of the
d

&
ifferent elements of the TCR/CD3 complex and re-

lated molecules, including MHC-antigen complexes
a� nd co-receptors, plus the physical constraints posed on
t

�
heir interactions by other factors such as size or gly-

c� osylation; and 4) functional analysis of TCR/CD3-med
&
i-

a� ted signaling, including the effect of distinct anti-
b

�
odies or the selective loss of functions in TCR/CD3

mutants.
C

�
oncerning TCR/CD3 stoichiometry, available data

support a minimal stoichiometry of two TCR heterodi-
m! ers per complex plus two CD3ε  chains forming hete-
rodimers with CD3γ�  chains and CD3δ chains, and one
ζ-ζ chain homodimer ((αβ)2. εγ. εδ. ζ2, Fig. 1B). The
e
 xperimental data supporting this model can be sum-

m! arized as follows: the existence of two different CD3ε 

c� hains7
$

, 20 and two different TCR αβ heterodimers per
c� omplex29; the ability of both TCRα and TCRβ chains
t

�
o associate to CD3εγ  and CD3εδ  dimers during assem-

b
�
ly7

$
7; a 1:1 stoichiometry for anti-CD3 and anti-TCR

monoclonal antibody binding sites18, 61, 67, the size of
i

�
solated TCR/CD3 complexes determined by ultracen-

t
�
rifugation28; and the fact that (αβ)2

	 . εγ. εδ. ζ2
	  com-

p� lexes achieve electrostatic equilibrium of the 6 posi-
t

�
ive charges and 6 negative charges within their

t
�
ransmembrane domains that are involved in interchain

interactions. Furthermore, having two TCR, this struc-
t

�
ure has two “caves” 86 to harbor the two CD3ε  hete-

rodimers present in the complex.
D

C
ata against this minimal complex comes from ex-

p� eriments showing a 1:1.5 or a 1:2 ratio of anti-TCR to
a� nti-CD3 binding sites6

�
8, 80, as well as the lack of de-

t
�
ectable co-precipitation of TCRs in cells from tetra-

t
�
ransgenic mice6

�
8. These results might be due to inac-

c� urate determination of the FITC-to-protein ratios in
t

�
he first case, and to difficulties to detecting and dis-

c� riminating the co-precipitating TCR in the second
(see2

	
9 for a discussion). Further evidence suggesting

t
�
he association of two CD3 dimers to each TCR hete-

r� odimer comes from experiments showing that anti-CD3
a� ntibodies can block the binding of certain anti-TCR
a� ntibodies such as H573

"
2, whereas the same anti-TCR

a� ntibodies inhibit at best by 50% the binding of anti-
-C

�
D3 antibodies. These data, plus the detection of two

p� utative CD3 docking sites in the TCR constant do-
m! ains, provides grounds for the idea of two CD3 di-
mers associated to each TCRαβ heterodimer3

"
2, 79. How-

e
 ver, the binding sites for the competing anti-TCR and
a� nti-CD3 antibodies are located in different, non-coval-
e
 ntly linked polypeptides, and it is difficult to draw
d

&
efinitive conclusions from interactions whose com-

p� lexity we are beginning to envisage. For instance, we
have observed complete blocking by anti-CD3 anti-
b

�
odies of the binding of one anti-TCR antibody

(C193.5A) and partial blocking of anti-CD3 binding by
a� nti-TCR6

�
7, though complete blocking could be

a� chieved under appropriate conditions22. Consequently,
w( e shall propose an alternative role for the two CD3
d

&
ocking sites in the TCR (see below).

N
)

uclear magnetic resonance data on the CD3εγ 

heterodimer of the Ig-like domains have been recently
p� ublished showing that they form a rigid structure with
interactions between A and F strands and their G
β strands, indicating that the cysteine-rich sequences of
t

�
he connecting peptides also involved in interchain in-

t
�
eractions9

�
, 79 are placed close together7

$
9 (Fig. 2). Inter-

e
 stingly, potential glycosylation sites in CD3γ�  (and

M. J. Feito et al.: TCR/CD3 Complex 267



C
�

D3δ)
�
 chains from different species are in or close to

t
�
he B to C, C’  to C’ ’ , or F to G loops26, 79, roughly
d

&
istal to the membrane surface and suggesting that they

a� re part of the external, exposed surface of the CD3ε.γ 

(or CD3ε.δ )
�
 heterodimer, rather than the site of inter-

a� ction with the TCR (Fig. 2). In contrast, CD3ε  chains
a� re devoid of sugar moieties in all species analyzed, and
p� ossess a series of negatively charged amino-acid
residues in their Ig-like domain, conferring them a low
p� I of 4.6 in the mouse. These charged residues have
b

�
een proposed to interact with positively charged

residues lining the accessible surface of the “cave”
f

�
ormed by the TCRα and TCRβ constant domains3

"
2, 86.

An analysis of the location of negatively charged
r� esidues of mouse CD3ε  within CD3εγ  chain dimers
shows that they are not randomly distributed, but clus-
t

�
ered in the B to C loop, in a row with conserved acidic
residues of the NH2-terminal region before strand A
(Fig. 2). A second cluster of membrane-proximal acidic
residues is located in the E to F loop (Fig. 2). These
n5 egatively charged residues are close to the phylogene-
t

�
ically conserved ABE surface of the CD3ε  domain,

a� nd are not involved in interactions with the CD3γ�  do-
main, strongly suggesting an interaction of this surface
w( ith the constant domains of the TCR heterodimer. The
location of CD3εγ  and CD3εδ  heterodimers close to the
T

�
CR Cβ domain F to G loop is further supported by

t
�
he strong inhibition by anti-CD3 antibodies of the

b
�
inding of one anti-TCR monoclonal antibody (H57)

t
�
hat binds to the F to G loop of mouse TCR Cβ do-
m! ains2

	
2, 32.

As human CD3ε  can structurally and functionally replace
m! ouse CD3ε  in the mouse TCR/CD3 complex7

$
, 20, 85, com-

p� aring the characteristics of mouse and human CD3ε 

c� hains might help in understanding TCR-CD3 interac-
t

�
ions. Fig. 2 shows that human and mouse CD3ε  have
a�  broadly similar distribution of acidic residues, despite
t

�
he low homology in the amino-terminal region, the B

t
�
o C and the C’  to E loops. Thus, it has three amino-
t

�
erminal acidic residues, plus two in the B to C loop,
a� lthough the highest concentration of acidic residues is
in the C’  to E loop, close to the B to C loop (Fig. 2).
I

%
n addition, human CD3ε  (and the CD3ε  from other

mammalian species) conserves three of the four nega-
t

�
ively charged amino-acids present in the mouse E to
F loop (Fig. 2). Thus, acidic amino acids within CD3ε 

c� hains are mainly distributed in membrane-distal and
membrane-proximal “hot spots” . Initial analysis of
T

�
CR heterodimer crystals suggested that the 2 nm high

“cave”  formed beneath the TCR Cβ F to G loop might
b

�
e enough to harbour a small Ig domain like that pre-

d
&
icted for CD3ε  chains3

"
2, 86. Instead, the extracellular

d
&
omains of CD3ε /

3
γ�  heterodimers form a rigid structure

4 nm high, making unlikely the interaction between
membrane-distal CD3ε  negative charges and basic
r� esidues in the TCR Cα membrane proximal A to
B and F to G loops, as suggested by SU

D
N et al.7

$
9. It is

a� lso unlikely that these basic residues can interact with
t

�
he conserved, membrane-proximal acidic residues in

t
�
he E to F loop of CD3ε , as these are concealed within
t

�
he TCR cave. Consequently, we believe that the most

l
*
ikely place of association of CD3ε /

3
γ�  or CD3ε /

3
γ�  dimers

t
�
o the resting TCR is in the “second”  binding site

formed by CC’  and FG strands in the external surface
o� f TCR Cβ7

$
9 plus, perhaps, the interaction of CD3ε 

a� mino-terminal acidic residues with basic residues in
t

�
he prominent TCR Cβ F to G loop (Fig. 3).

R
@

ecent data indicate that the CD4 co-receptor inter-
a� cts with TCR/MHC complexes forming a “V”, where
t

�
he T cell membrane would be located on top of the
V

E
 and the APC surface in the V angle, with the inter-

a� cting TCR and MHC forming one side and CD4 the
o� ther87. Considerations about the size of the molecules,
t

�
heir mobility constraints and the geometry of CD4-

-MHC interactions suggest that, for the TCR to recog-
nize MHC-antigen, it has to tilt its axis by about 45oF

Fig. 3. A model of the interactions between the extracellular do-
mains of the TCR/CD3 complex and the structural changes pro-
duced by antigen recognition. The extracellular components of the
TCR/CD3 complex are viewed from one side (A

G
)
H
 or from the top

(B). In A,�  the TCR/CD3 half in the back has been omitted for clarity
and the approximate position of the TCR Cβ

I
 F to G loop is shown;

in B
J

,�  the position of the TCR V domains is shadowed, and the
approximate sites for interactions between the TCR-MHC-antigen
and staphylococcal superantigens (SAg) and CD4 are indicated 
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f
�
rom the T cell surface, rather than be vertical. Interes-

t
�
ingly, we recently proposed ligand-induced TCR tilt-

ing to explain certain differences in CD3 recognition
b

�
y monoclonal antibodies18. Reinherz’s group also in-

d
&
icated that the nature of CD4-MHC interactions make

u< nlikely the formation of MHC dimers of dimers or
C

�
D4 homodimerization during antigen recognition, as

w( ell as the proximity and the direct interaction between
C

�
D4 and the TCR heterodimer directly involved in

a� ntigen recognition. However, in our model the mem-
b

�
rane-proximal domains of the CD4 bound to the MHC

might lie close to CD3 associated to the opposite hete-
r� odimer in the complex (Fig. 3B). This would agree
w( ith many experimental data supporting the idea that
C

�
D4, particularly its membrane-proximal domains, in-

t
�
eracts with the TCR/CD3 complex, possibly in the

p� roximity of the CD3 subunits2
	

2, 27, 67, 84 (see3
"

8, 39, 50 for
reviews).

O
6

ur model for the TCR/CD3 complex takes all
t

�
hese considerations into account, plus other factors,

such as the geometry of interactions between TCR,
M

K
HC antigens and superantigens3

"
1, 40, to propose

a�  symmetric model of the TCR/CD3 complex formed
b

�
y two heterodimers placed close together, associated

b
�
y the ζ chain homodimer in a central position, modi-

fied from our previously proposed models18, 74 (Fig. 3).
I

%
n resting T cells, the axis of the TCR heterodimer

w( ould be roughly vertical to the cell surface (Fig. 3A).
The CD3εγ  and CD3εδ  dimers would be placed each
b

�
y one of the two TCR units of the complex, where

i
�
nteractions through the acidic residues of the CD3ε 

e
 xternal domain and the positively charged residues in
t

�
he TCR Cβ domain would be of prime importance.

U
=

pon TCR ligation by antigen/MHC (or anti-TCR or
a� nti-CD3 antibodies), the tilting of the TCR might favor
t

�
he access of CD3ε  to other positive charges in the TCR

C
�

α and Cβ, causing a structural change in the position
o� f CD3εγ /

3
CD3ε  dimers and a more stable complex

(Fig. 3). Enhanced stability of the TCR/CD3 interaction
u< pon anti-CD3 ligation has been observed by different
g� roups18, 61, 62. Such a change might be the basis for
a�  number of known effects of TCR ligands that seem
t

�
o depend on conformational TCR/CD3 changes, in-

c� luding ligation-dependent association of the Nck
a� dapter to proline-rich sites in the cytoplasmic domain
o� f CD3ε  chains3

"
3, the differential activating effect of

c� ertain anti-TCR antibodies7
$
3, or the changes detected

in TCR/CD3 radioactive labeling upon ligand bind-
i

�
ng6

�
6. It should be noted again that these changes are

c� ompatible with studies of TCR structures bound to
a� ntigen-MHC complexes showing a rigid TCR hete-
rodimer where structural changes induced to maximize

c� omplementarity of antigen recognition surfaces in
V

E
 domains do not extend to C domains3

"
1. The existence

a� nd relevance of structural/conformational changes ver-
sus receptor cross-linking in TCR/CD3 complex acti-
v� ation has been the subject of much debate since it was
first proposed by JANEWAY et al.3

"
8 to explain certain acti-

v� ation phenomena in T lymphocytes (see, e.g.12, 55, 71, 82

for recent discussions of this topic). Recent data ob-
t

�
ained with class II MHC-antigen dimers generated by

c� hemical cross-linking of the N-terminal amino acids
a� t the end of α2 or β2 domains has been taken as
d

&
efinitive evidence that it is the degree of cross-linking,

a� nd not the orientation of TCR-MHC interactions, that
is relevant to efficient activation17. However, this inter-
p� retation is arguable, as the situation of the amino-acid
r� esidues involved might produce similar orientations in
MHC dimers linked through the α2 or β2 domains, and
a�  minimal flexibility of the MHC dimer subunits would
b

�
e enough to allow crosslinking interactions with the

TCR complex proposed in Fig. 3.
A

L
 ligand-induced displacement of the TCR with re-

spect to the CD3 dimers has been recently proposed by
G

M
IL et al.3

"
3 as a mechanism to explain certain cross-

-linking-independent activation events. We propose
a�  model whereby TCR-CD3 rotation is triggered by
c� hanges in the TCR due to ligand binding. This would
a� lso be in agreement with our recent data showing that
c� ells having CD3ε  chains that undergo protease degra-
d

&
ation in the negatively charged amino-terminal regions

have a looser interaction with the TCR, but are more
e
 asily activated by antigen than cells expressing CD3ε 

c� hains with “complete”  amino-terminal sequences, as
l

*
oss of negative charges in CD3ε  would favor the

c� hanges in CD3ε -TCR interactions18.
There is no doubt that, in the near future, ap-

p� roaches from different points of view and different
e
 xperimental systems will continue to shed new light
o� n the structural and functional intricacies of the
T

�
CR/CD3 complex.
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