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ABSTRACT Whether there is one or multiple aBT cell
antigen receptor (TCR) recognition modules in a given TCR/
CD3 complex is a long-standing controversy in immunology.
We show that T cells from transgenic mice that coexpress
comparable amounts of two distinct TCR chains incorporate
at least two aBTCRs in a single TCR/CD3 complex. Evidence
for bispecific «BSTCRs was obtained by immunoprecipitation
and immunoblotting and confirmed on the surface of living
cells both by fluorescence resonance energy transfer and
comodulation assays by using antibodies specific for TCRf-
variable regions. Such («f),TCR/CD3 or higher-order com-
plexes were evident in T cells studied either ex vivo or after
expansion in vitro. T cell activation is thought by many, but not
all, to require TCR cross-linking by its antigen/major histo-
compatibility complex ligand. The implications of a multiva-
lent (f3);TCR/CD3 complex stoichiometry for the ordered
docking of specific antigen/major histocompatibility complex,
CD4, or CD8 coreceptors and additional TCRs are discussed.

The T cell receptor complex (TCR/CD3) consists of disulfide-
linked af heterodimers noncovalently associated with invari-
ant proteins of the CD3 (CD34, §, and ¢) and the ¢ (¢, m, and
FceR1Ivy) families (1-3). The TCRa and TCRB components
contain variable (V) and constant (C) domains homologous to
those of antibodies (Ig), but they are not secreted and recog-
nize antigen fragments embedded in molecules of the major
histocompatibility complex (MHC) (4-6). The CD3/{ sub-
units have both signaling and structural functions (7, 8).
Whether one or multiple aTCR heterodimers occur in a
TCR/CD3 complex currently is unresolved. A reassessment of
TCR stoichiometry began after the finding that two CD3e
chains occur per TCR/CD3 complex (9, 10), because early
studies indicated a 1:1 ratio for TCR/CD3 chains using mAbs
to TCR and CD3 for estimation of the number of binding sites
(1). On the one hand, several groups have suggested that TCR,
like Ig, is multivalent, [i.e., (¢B).TCR and (H+L)lIg]. It was
argued that such an arrangement: /) maximizes the interactions
between charged transmembrane residues in «3TCR (3*) and
CD3/¢ (67) chains, rendering a more stable complex, and i)
fits with the hydrodynamic measurements of TCR/CD3 com-
plex size (11-13). On the other hand, recent biochemical
analyses argue against a multivalent TCR model because
immunoprecipitations with mAb to V, or Vg failed to reveal
the predicted association of two TCRas or two TCRfs in
lysates of T cells bearing two distinct «BTCRs (14, 15).
Previous studies of the TCR/CD3 subunit stoichiometry (9,
10, 15) have relied on the ability to coprecipitate from
surface-labeled cells two homologous forms of a given subunit
that were distinguishable after gel electrophoresis and auto-
radiography. Although such an experimental design allowed to
show that two CD3e subunits, of human and mouse origin,
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occur per TCR/CD3 complex (9, 10), it may be not of universal
application. We and others have noticed that the similarity
between two distinct TCRa or TCRp chains expressed by
dual-receptor T cells impeded a neat discrimination using the
surface labeling and gel electrophoresis methods alone (14—
16). A sensitive and specific alternative method may be nec-
essary to detect the small amounts of bispecific «BTCR/CD3
complexes predicted to occur on the surface of dual-receptor
T cells bearing the putative multivalent TCR recognition
modules, because the majority of TCR/CD3 complexes pref-
erentially may be monospecific (i.e., bear multiple identical
TCR recognition modules) (15). It was reasoned that TCRV,
regions may serve as a tag to directly identify by immunoblot-
ting each component of a multivalent, bispecific «BTCR in
immunoprecipitations from T cells that express two different
TCRVg chains done using mAbs specific for each TCRVy in
criss-cross fashion in side-by-side experiments. Herein the
proposed approach was used to analyze T cells from Vg, XV
double transgenic mice and obtain biochemical evidence that
the TCR/CD3 complex contains more than one afTCR
recognition module. The close vicinity of two a«TCR recog-
nition modules on the cell surface of intact cells was confirmed
by using a fluorescence resonance energy transfer (FRET)
method adapted to the study of single cells, as done before in
studies of the CD3e subunit stoichiometry (10).

MATERIALS AND METHODS

Animals. Mice were bred at the Centro de Investigaciones
Bioldgicas Animal Facility following institutional guidelines.
Breeding pairs of TCRVg; (Tg2) and TCRV g, (Tg93) single
transgenic mice were provided by A. Iglesias (17) and H.
Bluethmann (18), respectively. Tg2 mice were crossed with
Tg93 mice to raise the VXV gg double transgenic mice (19).
In our experiments, the double transgenic mice were screened
and bred to favor that T cells expressed the dual TCR at
homogeneous and similarly high levels (16). The phenotype of
every individual mouse was checked at 4-6 weeks of age in
peripheral blood samples by immunofluorescence with Vg-
specific mAbs and flow cytometry in an EPICS XL analyzer
(Coulter) and analyzed again in the organ samples or cultured
cells submitted to the biochemistry and FRET assays.

Antibodies. B. Malissen (Institut National de la Santé et de
la Recherche Medicale-Centre National de la Recherche
Scientifique, Marseilles, France), U. Staerz (University of
Colorado Health Sciences Center, Denver), and H. von Boeh-
mer (Institut National de la Santé et de la Recherche, Paris)
kindly provided the mAbs specific for Vg, (B20.6.5) (20), Vs
(F23.1) (21), or C,, (H28-710) (22), respectively. These mAbs
were purified from culture supernatants by affinity chroma-

Abbreviations: APC, antigen presenting cell; FITC, fluorescein iso-
thiocyanate; FRET, fluorescence resonance energy transfer; MHC,
major histocompatibility complex; PE, phycoerythrin; TCR, T cell
receptor.
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tography using protein A columns (Pharmacia) and either
coupled to Sepharose beads or biotinated for the immunopre-
cipitation and Western blot experiments. Fluorochrome-
labeled mAbs against CD3, CD4, CDS, CDl1la, CD45,
TCRVp,, and TCRV gg were purchased from PharMingen. The
specificity of anti-TCRVp, and anti-TCRVgg binding was
confirmed in criss-cross experiments by staining T cell lines
from either Vg, or Vgg single transgenic mice as well as in
competition experiments by using the purified TCRVg-specific
mADbD (16).

Cell Preparations, Inmunofluorescence, and Flow Cytom-
etry. Blood was obtained by retroorbital bleeding, and mono-
nuclear cells were purified by density gradient centrifugation
over Ficoll/Paque (Pharmacia). Thymus and spleen were
homogenized, and cells were recovered and washed twice by
using ice-cold immunofluorescence buffer, PBS plus 2% BSA,
plus 5 mM sodium azide. T cell lines were prepared as
described previously (23). In the comodulation experiments
(10), T cells were cultured at 37°C onto plastic wells precoated
with either anti-TCRVpg,, -TCRVgs, -CD3, or isotype and
species-matched control mAbs, bound to promote TCR/CD3
complex down-regulation for the indicated times, before the
immunofluorescence assay. ELISA plates (Costar 9018) were
used to attain high-mAb-binding properties with a very low
mAb release rate, as shown experimentally by cytometry-
undetectable indirect immunofluorescence staining. All the
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-
labeled mAbs and antisera were added at saturating titers and
incubated with 5 X 10° cells for 20 min, before the cells were
washed twice, in ice-cold immunofluorescence buffer using a
refrigerated centrifuge. An EPICS XL analyzer was used
immediately to quantitate the staining with FITC- and/or
PE-conjugated mAbs at the single-cell level on the cell surface
of intact cells, gated by their forward light-scatter and side-
scatter signals. The viability of the gated cells was more than
99% as assessed independently by propidium iodide or 7-ADD
staining. To allow for linearity and quantitation in the immu-
nofluorescence analyses, a set of six calibration beads display-
ing predefined amounts of antibodies, QIFIKIT (DAKO), was
used to set the optimal signal amplification and compensation
levels (24).

Immunoprecipitation and Western Blot Analyses. Trans-
genic cells were lysed in Brij96, or, alternatively, Nonidet P-40,
digitonin, or 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, lysis buffer, and the lysate of 2 X 107 cells
were immunoprecipitated with the indicated mAb, or species-
matched irrelevant mAb, which was covalently coupled to
protein A Sepharose beads using dimethylpimelimidate (Sig-
ma). The precipitates were separated by SDS/12% PAGE
under nonreducing conditions. In two-dimensional gels the
second, vertical dimension was run under reducing conditions.
After equilibration in transfer buffer, the proteins were trans-
ferred by wet blotting onto nitrocellulose membranes (Bio-
Rad). Membranes were then blocked with nonfat 10% dry milk
in PBS and incubated with the indicated mAb to TCRS or
TCRa domains in PBS containing 0.1% Tween-20. For de-
tection of aTCR proteins, biotin-conjugated mAbs were used
as the first layer, followed by streptavidin-horse radish perox-
idase (Southern Biotechnology). Immunoblots were revealed
using enhanced chemiluminescence (Amersham) and x-ray
film (Agfa) (25). Densitometry was done with a Computing
Densitometer (Molecular Dynamics) on subsaturation-
exposed film.

RESULTS AND DISCUSSION

T Cell Surface TCR/CD3 Complexes Accommodate Two or
More aTCR Recognition Modules. Although TCR V region
mAbs have been used widely as surrogate markers for o8T cell
specificity in immunofluorescence, immunoprecipitation, and
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function analyses, there is scarce information on their reac-
tivity in immunoblots (26). The specificity and sensitivity of
TCR detection by Western blot analysis was assessed in
preliminary criss-cross experiments (ref. 16; data not shown).
Spleen T cells from mouse transgenic for TCR3 genes bearing
either Vg, or Vg regions (17, 18) were lysed under reducing
conditions and subjected to Western blot analysis with mAbs
to Vs or Vg TCRs (20, 21). The V- or Vgg-bearing 45-kDa
TCRp proteins were revealed specifically by chemilumines-
cence. Instead, when samples were lysed and kept under
nonreducing conditions during the assays, TCR Vg-mADb rec-
ognized either ~85-kDa disulfide-linked ¢ STCR complexes or
free, nondisulfide linked, 45-kDa TCRp chains. No crossre-
activity for the other TCR 3 chain was observed when an excess
of more than 60-fold of the reciprocal TCRV was analyzed.
The sensitivity of the assay was greater than 300,000 T cells
[i.e., TCRs in the 10- to 100-fmol range assuming 30,000 TCRs
per cell (16, 27)]. Transmembrane TCR chain is not exported
to the T cell surface in the absence of TCRa or surrogate
pre-TCRa chains (26). The 45-kDa band represents single
TCRp chains that, like other receptor subunits, are synthesized
in excess and retained in the endoplasm reticule and degraded
intracellularly if they do not assemble in “complete” TCR/
CD3 complexes (2).

To determine whether each TCR/CD3 complex contains
one or more afTCR heterodimers, TCR/CD3 complexes that
bear either Vg, or Vgg domains were immunoprecipitated
from lysates of dual-receptor-bearing T cells from Vg X Vg
double transgenic mice (19). Association of two a«fTCRs in
single TCR/CD3 complexes was shown by the presence of the
reciprocal TCRB chain in the precipitates of each anti-Vg-
specific mAb, as revealed by immunoblotting (Fig. 14). The
coprecipitation of reciprocal TCR-Vgs was evident for both
the 85-kDa and the 45-kDa bands from double transgenic T
cells and occurred using four different detergents. No cross-
reactions were found in samples from single transgenic mice.
The bispecific 85-kDa band, but not the 45-kDa band, incor-
porated TCRa« as revealed by immunoblots with mAbs to Ca
(Fig. 1B). The aBTCR heterodimers can be identified by
two-dimensional (nonreducing/reducing) gel electrophoresis,
in which the size diminution promoted by the break of the
disulfide bond allows the TCR« and TCR subunits to migrate
faster, below the diagonal where nondisulfide-bonded proteins
run (26). Vg and Vgg mAbs stained proteins off and on the
diagonal that represent disulfide-linked and -unlinked TCRB
chains, respectively, in precipitates of lysates from double
transgenic cells generated with the reciprocal Vg-specific
antibody (Fig. 1C Upper). Notably, TCRa« staining was found
only off the diagonal in two-dimensional gels (Fig. 1C Lower
Left). It indicates that the 85-kDa band represents noncovalent
associations of the “distinct” a«BTCR disulfide-linked het-
erodimers, which cannot be resolved by size (14-16), whereas
the 45-kDa band incorporates non-disulfide-linked associa-
tions of two TCRs.

To address the question of whether the bispecific «BTCRs
were expressed on the cell surface, we took advantage of the
wealth of information about the architectural editing of TCR/
CD3 complexes that reach the plasma membrane (2, 3, 28, 29).
The TCR glycoproteins in the bispecific aTCRs/85-kDa
band were biochemically distinct from those in the 45-kDa
band in that their N-linked sugars were resistant to digestion
with endoglycosidase H (Endo H, Fig. 1B). The endoglycosi-
dase H-resistance pattern is a feature of «BTCRs expressed in
the T cell surface (3, 29) and was demonstrated in the 85-kDa
complexes, which retained their size after digestion (Fig. 1B,
open arrowheads). The 45-kDa band instead was endoglyco-
sidase H-sensitive and was reduced to the core polypeptide size
of TCRpB (Fig. 1B, asterisks), as expected for the excess of
individual receptor subunits in incomplete TCR/CD3 com-
plexes retained in the endoplasm reticule (3, 29). N-glycosidase
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FiG. 1. Identification of bispecific «FTCRs on the surface of T cells from Vg,X Vg double transgenic mice. Immunoprecipitations of TCR
from transgenic T cells were done with Vg domain-specific mAbs or control reagents (—) and immunoblotted with mAbs to Vg2, Vs, or C,. Cell
sources were either spleen T cells expanded in culture for 2-3 weeks with interleukin 2 (4-C) or freshly isolated single-cell suspensions from spleen
and thymus (D) (10). Organs were either from Vg, or Vg single transgenic mice or VX Vgg double transgenic F1 mice (17-19), as indicated (4).
In additional control immunoprecipitations, lines labeled as C in D, Vg, and Vpgg single transgenic cells were mixed in a 1:1 ratio before the
immunoprecipitation with TCRVg mAb, which had the reciprocal specificity to those used in immunoblotting. Double transgenic cells were used
in the remaining experiments (B-D). Two-dimensional SDS/PAGE (C) of immunoprecipitates with mAb to Vg, (Left) were blotted with mAb to
Vgs (Upper) and C,, (Lower), whereas immunoprecipitates with mAb to Vgg (Right) where blotted with anti-V g (Upper) and control (Lower) mAbs.
Immunoprecipitates were digested (B) in the absence (—) or presence of endoglycosidase H (H) or N-glycosidase F (N) to assess the TCR
glycosylation pattern (29). Sizes before and after the removal of N-linked sugars are indicated by open arrowheads and asterisks, respectively. Cells
were lysed in 1% of either Nonidet P-40 (first three lines from the left in 4) or Brij96 lysis buffer in the remaining experiments shown. Associations
were also evident in the presence of two other detergents (0.25% saturated digitonin and 5 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, data not shown; ref. 16). Neat coprecipitations were attained in 30 independent experiments, each with different transgenic mice.
Ticks indicate migration of molecular size markers (Bio-Rad), given in kDa: 101, 83, 50.6, and 35.5 kDa (A4), 148, 60, 42, and 30 kDa (B), 60 and

42 kDa (C), and 145, 83, 60, 50, and 35 kDa (D).

F digestions reduced both 85- and 45-kDa bands to their
expected core polypeptide sizes, indicating the accessibility to
digestion of the glycans bonded to the dual «TCRs (29) (Fig.
1B). Taken together the results suggest that most 85-kDa
dual-aBTCR-containing complexes are expressed on the T cell
surface. TCR associations initiate intracellularly, and neither
require interchain disulfide bond formation or TCRe« integra-
tion into the assembling TCR/CD3 complexes.

Several groups have hypothesized that T cell receptors for
antigen and their ligands may assemble upon ligand engage-
ment in dimers of dimers termed superdimers (TCR-antigen-
MHC),, but in the absence of cognate antigen-MHC com-
plexes, in resting T cells, TCRs would be monovalent (6, 30).
It may be argued that the bispecific receptors used to reveal
TCR multivalency were generated artificially or limited to a
small fraction of T cells (i.e., because of detergent solubiliza-
tion or activation of T cells). Several experiments were de-
signed to address these possibilities. First, bispecific «BTCR
85-kDa bands were readily evident in freshly isolated, unstimu-
lated cells from the thymus and spleen of VX Vg double
transgenic mice (Fig. 1D) and are not restricted to the in vitro
activated T cells studied previously (Fig. 1 A-C). Second, no
evidence for coprecipitation was attained when spleen and
thymus cells from TCRV g, and TCRV gg single transgenic mice
were mixed at a 1:1 ratio, centrifuged, and the cell pellet was
lysed with detergent (Fig. 1D, lines C). Results indicate no
bispecific receptor associations when immunoprecipitates
from 4 X 107 single transgenic cell mixtures were subjected to

immunoblotting with the reciprocal anti-V mAb, whereas
coprecipitation was always readily observed in the double
transgenic T cell lysates from 2 X 107 cells run in parallel.
Third, the vicinity of Vg, and Vgg TCRs was verified on the
surface of single viable T cells kept at 4°C by using flow
cytometric FRET as a spectroscopic ruler (10, 31). Efficient
FRET causes quenching of the green FITC emission when the
PE acceptor molecules are in close physical vicinity to the
FITC donor dye (Rop = 10 nm; ref. 31). Quenching of the
anti-Vg; and -Vgg-FITC fluorescence was readily evident when
the reciprocal PE-labeled TCR mAb was present (Fig. 24 and

D, shaded histograms). FRET was also evident between

TCRs and the associated CD3 molecules, as reported before
(10, 31). FRET is considered efficient when >2% energy
transfer occurs (10, 31), and the observed specific shifts in the
FITC fluorescence ranged up to 15-20%, similar to that
observed for the TCR/CD3 couple (17-18%). Quenching was
not detectable when the partners for Vg, or Vgg mAb in the
two color staining were CD4-, CD8-, integrin CD11la-, or
leukocyte common antigen CD45-specific mAb. It indicates
specificity in the method because surface density of the latter
acceptors is at least 2-fold higher than in both TCRs (1), which
should favor FRET (10). Fourth, the relative amount of
cell-surface TCR/CD3 complexes bearing two distinct
TCRVgs was quantitated in comodulation experiments (1, 10).
The down-regulation of either TCRVg, or TCRVgg was ac-
companied by comodulation of a sizable proportion (up to
20-40%) of the TCRs bearing the reciprocal TCRV (Fig. 3).
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F1G. 2. The two distinct TCRp chains are neighbors in the plasma
membrane of live T cells bearing dual «TCRs. Spleen T cell lines
from Vg X Vg double transgenic mice were stained (Upper) with mAb
to Vg conjugated with FITC alone or followed by PE-labeled mAb
against either Vgg, CD3, CD4, or CD8. Alternatively (Lower), cells
were stained with FITC-conjugated anti-Vgg mAb alone or followed
by PE-labeled mAb against either Vg, CD3, CD11a, or CD45. Flow
cytometry analyses of average donor quenching (10, 31) measure the
putative reduction in the green FITC fluorescence emission on the
surface of viable T cells promoted by neighbor PE-acceptor molecules
(10, 31). In cells stained with the two anti-TCRVz mAbs (4 and D),
the FITC fluorescence distribution was reduced as indicated by the
shift to the left in the presence of the quenching, reciprocal anti-
TCRVg mAD (shaded histograms). Both TCR chains were also in the
vicinity of CD3 subunits (shaded histograms in C and F). Histograms
for TCRVg staining in the presence and absence of the PE-labeled
mAb against CD4, CDS8, CD11a, and CD45 instead are superimposed.
The ratio of Vg, to Vgg mean fluorescence intensity ranged from 1:1
to 2:3 in samples from several mice. Similar results were observed for
tetraplicate samples in three independent experiments as well as in
analyses of freshly isolated spleen and thymus cells (data not shown).

That comodulation can affect up to half of unstimulated
receptors in distinct dual-receptor T cells (i.e., also reaches a
maximum of 40% vs. 80% stimulated TCRs; ref. 32) fits with
a two afTCR per TCR/CD3 complex stoichiometry. Finally,
a computer model for the TCR-binding sites in tetrameric
antigen/MHC-avidin complexes (33) was calculated by using
the crystallographic coordinates available for the interacting
molecules (4, 6, 34). Two important observations led to this
latter experiment: /) tetrameric antigen/MHC complexes bind
to T cells with remarkably higher avidity and slower dissoci-
ation rates than soluble monomeric antigen/MHC complexes,
allowing for the immunological staining of T cells with differ-
ent specificities (33), and ii) soluble divalent TCRs show
markedly increased avidity for their MHC ligand when com-
pared with monovalent TCRs (35). Our analysis of the tet-
rameric antigen/MHC-avidin model revealed that two neigh-
bor antigen-binding sites in such an x-shaped TCR ligand
would be closer than 8 nm, an order of magnitude nearer than
expected for the random distribution of two TCR-binding sites
in T cells bearing monovalent TCRs (16). If TCRs were
monovalent, the latter distances would not allow for the
experimentally observed cooperative binding, but two TCRs
residing in the same TCR/CD3 complex may well be within the
estimated 8-nm distance. Bispecific TCRs in double transgenic
mice were used as a tool to reveal the association of two TCRs
using three independent methods. The results show that, in our
model, aBTCR/CD3 complexes occur constitutively as mul-
tivalent receptors on the surface of T cells. Because multimeric
MHC ligands render saturating staining of normal T cells (33),
we suggest that a large portion of, if not all, TCRs were also
multivalent in normal «BT cells.

Proc. Natl. Acad. Sci. USA 96 (1999)
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Fic. 3. Comodulation of unstimulated TCRs upon down-
regulation of specific TCR/CD3 complexes in dual-receptor T cells.
Immunofluorescence distribution profiles of spleen T cell lines from
Vg2XVgg double transgenic mice submitted to different TCR down-
regulation protocols and stained with FITC-labeled mAb against
TCRVgg (A) or TCRVp, (B). Left histograms in both 4 and B
represent the background staining with anti-Ig fluoresceinated control
reagents that was superimposable to the autofluorescence (data not
shown). Shaded histograms show the comodulation of the stained,
unstimulated TCRs promoted after down-regulation of the reciprocal
TCRp, done by incubation at 37°C for 4 h in plates coated with 5 pg/ml
of mAD specific for the reciprocal TCRVg. Down-modulation is not
promoted either in replicate plates kept in parallel at 4°C (dotted line)
or by a control mAb [OKT3, which promotes TCR/CD3 comodulation
in human CD3 transgenic T cells (10)] (continuous line), as shown in
the right histograms. The mAbs do not promote modulation of the
reciprocal TCRp in single transgenic mice (data not shown). Results
are representative of four experiments.

Punt et al. (15) advocated that each TCR/CD3 complex
contains one «BTCR because their elegant biochemical ap-
proach did not reveal bispecific «TCRs in tetratransgenic
mice, which bear four fixed TCR chains (Va3, Vai1, Vg3, and
Vgs). It is difficult to preclude, as Punt ez al. posed (15), that
TCR complexes in the tetratransgenic mice contain only
multiple, identical «aTCR pairs, but not the “detectable”
bispecific TCRs, because of incompatibilities in the pairwise
associations of two different «BTCRs. TCRa and TCRp
chains do not form surface-expressed TCR heterodimers in a
random manner (36). Unlike tetratransgenic mice, T cells from
VX Vg double transgenic mice resemble the fraction of T
cells from healthy individuals (37), which bear two TCRp
chains but a single nonfixed TCRa chain, which differs from
clone to clone. The proportions of the two TCRs expressed on
the cell surface show a continuous distribution in the different
clones, reaching up to a 50-fold difference in their levels (36,
38). In our experiments, T cells express both TCRs at homo-
geneous and similarly high levels (Fig. 2), because the double
transgenic mice were screened and bred to select that pheno-
type, which favors the detection of dual-TCR associations. The
ratio of stimulated to unstimulated TCRs down-regulated in
dual-receptor T cells varies markedly as a function of the
stimulation conditions (13, 16, 32, 39), and it is evident only
when the two TCRs were expressed in similar levels (16, 32).
If there were just one TCR module per TCR/CD3 complex,
the lack of down-modulation of unstimulated TCRs would be
an essential feature of the serial-triggering theory of T cell
activation (38, 39), and experiments showing comodulation of
unstimulated TCRs may be viewed as a challenge to the theory
(32). The down-regulation of unstimulated TCRs does not
contradict the serial-triggering model when the «BTCR/CD3
complex is multivalent (16). Instead, it may provide another
reason for the selectively inefficient down-regulation of bispe-
cific TCRs observed in some systems (38, 39): bispecific (f3)>
TCR/CD3 complexes are monovalent for each of two distinct
ligands. Monovalent TCRs may have more stringent triggering
requirements. Indeed, bispecific anti-CD3 mAbs do not down-
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regulate the TCR/CD3 complex unless the second binding site
engages another receptor on the surface of T cells or antigen-
presenting cells (APCs) (40, 41). Because bispecific CD3 mAbs
bind at 1.5 times the level of divalent ones, such differences
cannot be attributed to reduced receptor occupation (40). The
latter result requires caution when using “conventional,” di-
valent mADbs in binding assays to estimate the TCR/CD3 ratio,
for which either 1:1, 1:1.5, or 1:2 ratios were reported (1, 15,
27, 42).

Revision of the Monovalent Model of the TCR/CD3 Com-
plex. The finding that a TCR/CD3 complex can accommodate
more than one aSTCR recognition module, together with the
data of other authors, led us to review our minimal TCR/CD3
model (10), which is still widely accepted (15, 43). The
proposal by Garboczi et al. of a general “interlocking” binding
mode between «BTCR and MHC (5) allows us to envisage the
footprint of a divalent «BTCR (Fig. 44, green). The packing
arises from a translation of a single TCR-antigen-MHC
interaction (5) onto a template of two antiparallel MHC
molecules (6). V, domains would be positioned over the
external halves of MHC (Fig. 44, blue), and the N terminus of
antigen (Fig. 44, yellow) and Vg domains would be positioned,
neighbor, over the internal halves of MHC and the C terminus
of antigen, but tilted 20-30° toward the diagonal (4, 5). The
outer interface of the TCR constant domains shows a cavity
(open arrow) flanked by the TCRB elbow and the C, trans-
membrane (4). Reinherz and coworkers have proposed that
such a cave may accommodate the extracellular domain of a
single CD3e subunit (43). Because two CD3e subunits occur
per TCR/CD3 complex, and CD3e subunits are incorporated
into distinct dimers (i.e., CD3ey and CD3eé transduction
modules, Fig. 44, pink) (9-12), these authors argued that in a
monovalent TCR only one of the two CD3 dimers can be
accommodated in the single cave. It would leave a CD3 module
exposed, apart from the docking site (43). However, a divalent

FiG.4. Hypothetical model of (¢ BTCR)>/CD3 complex. (4) Pack-
ing of two aBTCR in a single TCR/CD3 complex. Disulfide bridges
in each «BTCR heterodimer or in the { homodimer are depicted as
black squares. The blue rectangles represent two antiparallel MHC
class Il molecules presenting the specific peptides (yellow strands). The
surface of the aTCR interface opposite to the CD3 pocket is flat; for
simplicity, ovals have been used in most cases. Different isoforms of
TCR have been reported with regard to the CD3/¢{ module usage,
which is reviewed in ref. 54. For simplicity, only the three most
common transduction modules are included. (B) The hexameric
antigen/MHC packing arises after homotypical aggregation of TCRs
and coreceptors, as observed from the T cell nuclei looking toward the
APC. Oligomerization occurs in the two dimensions of the T cell and
APC membrane after the TCR/CD3 complexes have engaged specific
antigen/MHC complexes. The specific TCR ligands are monomers
that are rare and occur naturally dispersed on the APC surface among
a majority population of irrelevant antigen/MHC complexes but may
be concentrated to the T cell/APC interface by the constitutively
divalent TCRs.
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TCR/CD3 complex provides a symmetric cave, which may
harbor the second CD3 dimer. Thus, each CD3 module could
be placed near a C, transmembrane region, where they can
interact cooperatively with either pair of C,-Cg domains (28).
The elbow regions between V and C domains and the quite
parallel C,-Cg intersection, which give the afTCR its squat
appearance, would place the Cg and C, transmembrane re-
gions close to the symmetry axis and the indicated outer face
of the «BTCR complexes, respectively (4). The third class of
transduction module (i.e., disulfide-linked ¢-¢ chains; ref. 8)
bears tiny extracellular domains. It could be placed in the
symmetry axis, near the two Cg transmembrane regions,
bridging the two hemireceptors (44). The two positive-charged
transmembrane residues either in each TCRa chain or in the
TCRB-TCRp pair thus may be buried by the two negative
charges present in each neighbor-parallel transduction module
(11). Coreceptors are proposed to dock to the TCR/CD3
complex in an oriented fashion and only after the TCR engages
the antigen/MHC ligand (6, 45). CD4 and CDS8 coreceptors
augment the TCR avidity for MHC class II and I molecules,
respectively, after occupation of their binding sites in MHC
molecules [i.e., red loop for B, and cross for «; sites in MHC
class II (6), with a similar site in MHC class 1 (46)]. The
interlocked mode of TCR-MHC interaction uncovers the
docking location (Fig. 44, solid arrow) for two coreceptors per
antigen—-receptor complex and may help to delineate how the
coreceptor-associated p56'f tyrosine kinase targets the im-
mune tyrosin receptor motifs in the transduction modules (45).

The possibility for intra-TCR/CD3 complex cross-linking by
antigen does not preclude higher degrees of TCR oligomer-
ization (Fig. 4B). Davis and coworkers have shown ligand-
specific oligomerization of «TCRs, using solubilized mono-
meric molecules, that are titratable clearly beyond (TCR-
antigen-MHC), arrangements (47). A chain-docking of TCRs
implies multiple “oligomerization sites” per aBTCR/MHC
“superdimer.” Whereas the proposed TCRB/TCR and {-¢
interactions may interlock constitutive « BTCR dimers, TCR«
may nucleate serial oligomerization of divalent «TCR/CD3
complexes plus coreceptors, triggered by ligand engagement.
Candidate domains for V,, dimerization, placed by Fields et al.
in the vicinity of the switched C” strand (30), are located
suggestively facing outward of the left and right wings of the
superdimer. Linear arrays of TCRs could form patches of
complexes by oligomerization in the second dimension of the
membrane, perhaps aided by the dimeric association of core-
ceptors (48, 49), shown at the high concentration proposed for
the T cell/APC interface (50). TCR occupation may success-
fully enrich the latter interface for the small portion of MHC
complexes presenting agonist antigen (50), which then may
dimerize (47) (irrelevant antigen—-MHC complexes are not
depicted for simplicity because they are in excess of 500- to
1,000-fold). If divalent TCRs then were internalized serially, a
small, “preformed” patch of agonist/MHC ligands (i.e., a
hexamer) could sustain an “efficient” trailing engagement of
more than 1,000 TCRs per cluster (39) and account for the
internalization of TCRs as dimers (51). The scheme agrees
with the idea that antigen/MHC oligomers were the epitopes
that efficiently trigger T cell activation, being trimers or
higher-order complexes the best immunogens (refs. 52 and 53;
and M. M. Davis, personal communication). Divalent T cell
receptors may provide a “built-in” kinetic proofreading mech-
anism for paired agonist/antagonist ligand-titratable discrim-
ination. The relevance of “interlocked” and “titratable dis-
crimination” models of TCR-antigen/MHC recognition for
specific selection and sensitive T cell activation has been
discussed elegantly by other authors (5, 47). Our model
combines features of both proposals and adds that the TCR is
divalent, built as a three-dimensional nucleation unit for the
essential ligands and signal transduction elements needed for
“successful” T cell triggering.
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