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The T-cell receptor (TCR) C subunit is an important component of the TCR complex, involved in signal
transduction events following TCR engagement. In this study, we showed that the TCR C chain is constitutively
tyrosine phosphorylated to similar extents in thymocytes and lymph node T cells. Approximately 35% of the
tyrosine-phosphorylated TCR C (phospho C) precipitated from total cell lysates appeared to be surface
associated. Furthermore, constitutive phosphorylation of TCR C in T cells occurred independently of antigen
stimulation and did not require CD4 or CD8 coreceptor expression. In lymph node T cells that constitutively
express yrosine-phosphorylated TCR r, there was a direct correlation between surface TCR-associated protein
tyrosine kinase (PTK) activity and expression of phospho C. TCR stimulation of these cells resulted in an

increase in PTK activity that coprecipitated with the surface TCR complex and a corresponding increase in the
levels of phospho C. TCR ligations also contributed to the detection of several additional phosphoproteins that
coprecipitated with surface TCR complexes, including a 72-kDa tyrosine-phosphorylated protein. The presence
of TCR-associated PTK activity also correlated with the binding of a 72-kDa protein, which became tyrosine
phosphorylated in vitro kinase assays, to tyrosine phosphorylated TCR C. The cytoplasmic region of the TCR
4 chain was synthesized, tyrosine phosphorylated, and conjugated to Sepharose beads. Only tyrosine-
phosphorylated, not nonphosphorylated, TCR C beads were capable of immunoprecipitating the 72-kDa
protein from total cell lysates. This 72-kDa protein is likely the murine equlivalent of human PTK ZAP-70,
which has been shown to associate specifically with phospho C. These results suggest that TCR-associated PTK
activity is regulated, at least in part, by the tyrosine phosphorylation status of TCR C.

The a1 T-cell receptor (TCR) is composed of the antigen-
binding clonotypic a13 TCR heterodimer associated with the
CD3 y, CD3 8, and CD3 e subunits (10, 24) and the
alternatively spliced TCR t and gene products (2, 9, 34,
62). The five TCR-CD3 invariant chains (y, 8, e, t, and )
possess intracytoplasmic domains that are proposed to make
up the signalling apparatus of the TCR (10, 25). Stimulation
of the TCR by an antigen or by monoclonal antibodies
results in rapid activation of two closely linked signal trans-
duction pathways, the protein tyrosine kinase (PTK) path-
way and the phosphatidyl inositide pathway (reviewed in
reference 25). The TCR-mediated activation of PTKs results
in the tyrosine phosphorylation of several proteins, including
the TCR t chain (15, 42) and other CD3 components (36), the
protooncogene vav (29), PTK ZAP-70 (7), and phospholipase
C-yl (35, 44, 61). The tyrosine phosphorylation of phospho-
lipase C-yl augments phospholipase C catalytic activity,
leading to the generation of inositol lipid-derived second
messengers (4, 37).

Several experimental systems have been developed to
fully define the roles of individual TCR-CD3 components in
T-cell activation events. For example, chimeric proteins
made by linking the extracellular domains of either CD8,
CD4, or the Tac antigen (CD25) with the cytoplasmic domain
of TCR rand/or CD3 e have been expressed in cell lines
independently of the other TCR-CD3 subunits (18, 19, 27,
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28, 39). Antibody stimulation of these chimeric constructs
results in a cascade of intracellular signals normally trans-
duced by the intact TCR-CD3 complex. Such studies have
demonstrated that both TCR t and CD3 e can function as
autonomous signal transduction modules (28, 60). The sig-
nalling functions of the CD3 e and TCR t components appear
to reside within a common sequence motif comprising two
critically spaced tyrosine residues (18, 28, 39). Since the
TCR-CD3 subunits possess no identifiable kinase activity,
the TCR-CD3 complex is proposed to interact with one or
more cytoplasmic PTKs. Two members of the src family of
PTKs, p59f)n and p56kck, have been implicated in TCR
signalling events. Under low-stringency conditions, p59fiyn
has been shown to coprecipitate with the TCR-CD3 complex
(43). Overexpression of p59'5" in transgenic mice (11) and
expression of a constitutively active form of p59'5" in T-cell
hybridomas significantly enhances TCR signal transduction
(12). PTK p56,kk which associates with the CD4 and CD8
coreceptor molecules, is also involved in TCR signalling (40,
52-54). Two mutant T-cell lines which lack p56kk are defec-
tive in TCR-mediated signalling (20, 46). Reconstitution of
these lines with p56'k restores the capacity of the cells to
transduce TCR-mediated signals, independently of corecep-
tor expression. Recent experiments with a human T-cell line
have identified a novel PTK, termed ZAP-70, which specif-
ically associates with the tyrosine-phosphorylated form of
the TCR ; chain following TCR stimulation (7, 8). A 70-kDa
PTK has also been demonstrated to associate with the CD3
£ subunits of the activated TCR complex (58). Following
TCR engagement, up to six potential tyrosine residues in
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murine TCR t may become tyrosine phosphorylated by
unidentified PTKs (2, 26, 34, 41). Given the finding that
phosphorylation of the TCR t chain is correlated with T-cell
activation and is required for the association of ZAP-70,
regulation of TCR t phosphorylation is likely to play an
essential role in TCR signal transduction.

Interestingly, the TCR t chain expressed in immature
thymocytes appears to be constitutively tyrosine phosphor-
ylated (21, 30-32, 55). This constitutive phosphorylation is
proposed to reflect PTK activation resulting from in vivo
receptor engagement, in mechanisms which may involve
CD4-ligand interactions (5, 30-32). Such a model is consis-
tent with the finding that cross-linking of surface CD4 in T
cells results in TCR t phosphorylation (53). However, it has
not been established how the tyrosine-phosphorylated TCR
t subunit influences TCR signal transduction events. Fur-
thermore, it remains to be established whether CD4 interac-
tions in the thymus are the only means by which constitutive
phosphorylation of TCR t is maintained.
To examine the consequences of constitutive tyrosine

phosphorylation of the TCR t chain on TCR signal transduc-
tion further, we compared the status of TCR t phosphory-
lation in thymocytes and mature T cells from C57BL/6J mice
and H-Y TCR transgenic mice (23, 49, 56) and determined
how TCR-associated PTK activity may be regulated by the
tyrosine phosphorylation status of TCR t.

MATERIALS AND METHODS

Mice. C57BL/6J mice were purchased from Jackson Lab-
oratories (Bar Harbor, Maine) and bred in the animal facility
in the Department of Microbiology and Immunology at the
University of British Columbia. H-2" H-Y TCR transgenic
mice were produced as previously described (22, 23, 49) and
bred in our own facility.

Antibodies. Antibodies and their specificities were as
follows: F23.1, transgenic TCR 1 chain (3, 45); T3.70,
transgenic TCR a chain (47); 145-2C11, CD3 e (American
Type Culture Collection, Rockville, Md.); 53.67, CD8at
(American Type Culture Collection); GK1.5, CD4 (Ameri-
can Type Culture Collection); 4G10, phosphotyrosine (Up-
state Biotechnology Inc., Lake Placid, N.Y.); I3/2, CD45
(50); 141-31, H-2Db (Bioproducts for Science Inc., Indianap-
olis, Ind.). G3 is a monoclonal antibody (MAb) generated
against the cytoplasmic domain of TCR t prepared by
standard hybridoma technology (SOa). G3 is capable of
immunoprecipitating both nonphosphorylated TCR C and
tyrosine-phosphorylated TCR t. Anti-p56k was prepared by
immunizing rabbits with a TrpE-kck fusion protein compris-
ing N-terminal residues 3 to 147. Anti-p596n'5 was purchased
from Upstate Biotechnology Inc., while fluorescein-conju-
gated anti-CD8a (53.67) and phycoerythrin-conjugated anti-
CD4 (GK1.5) antibodies were purchased from Becton-Dick-
inson (Mississauga, Ontario, Canada) and fluorescein
isothiocyanate-conjugated sheep anti-mouse immunoglobu-
lin (SaMIg-FITC) was obtained from Silenus (Hawthorne,
Australia).

Cell purification and flow cytometry. Thymocytes and/or
lymph node T cells were collected from mice at 6 to 12 weeks
of age, and single-cell suspensions were prepared in RPMI
1640 medium (GIBCO, Burlington, Ontario, Canada) supple-
mented with 2% fetal bovine serum (lot no. 43N3092;
GIBCO). B cells were depleted by addition of sheep anti-
mouse immunoglobulin-coated magnetic beads (Dynabeads,
no. 11006; Dynal Inc., Great Neck, N.Y.) as previously
described (6). In certain experiments, thymocytes and/or

lymph node T cells were depleted of CD4+ cells and/or
CD8+ cells by incubation with anti-CD4 or anti-CD8 culture
supernatants followed by depletion with Dynabeads. In
typical experiments, the purified populations of thymocytes
and/or lymph node T cells contained less than 1% CD4+
and/or CD8+ T cells and less than 0.5% B cells, respectively.
Fluorescence-activated cell sorter analysis was performed as
previously described (6).

Cell stimulations, immunoprecipitations, immunoblotting,
in vitro kinase assays, and phosphoamino acid analysis. Sin-
gle-cell suspensions were prepared in Iscove's modified
Dulbecco's medium (GIBCO) at a concentration of 108 cells
per ml. Cells were stimulated for the times indicated in the
figure legends by addition of anti-CD3 e (50 ,ug/ml). Follow-
ing the stimulation period, the cells were rapidly washed
once in cold phosphate-buffered saline and the pellet was
suspended in 0.5% Triton X-100 lysis buffer (20 mM Tris-Cl
[pH 7.6], 150 mM NaCl, 2.0 mM EDTA, protease and
phosphatase inhibitors) at a concentration of 2 x 107/ml. The
cell lysates were gently mixed and placed on ice for 10 min.
Total cell lysates were cleared by centrifugation at 12,000 x
g for 10 min, and the supernatants were immunoprecipitated
for CD3 £-associated proteins as previously described (32).
Surface TCR-CD3 complexes were immunoprecipitated
through the stimulatory antibodies by addition of protein
A-Sepharose beads (Pharmacia Fine Chemicals, Baie
D'Urfe, Quebec, Canada). For detection of surface TCR-
CD3 complexes in unstimulated cells, the cells were incu-
bated with anti-CD3 e antibodies at 4°C in the presence of
0.05% sodium azide for 15 min. Excess antibody was washed
off prior to lysis in 0.5% Triton X-100 lysis buffer and
precipitation with protein A beads. For immunoprecipitation
of pS6lck and p59Y, the polyclonal antisera were preincu-
bated with protein A beads prior to incubation with cell
lysates.

Immunoprecipitates were electrophoresed on sodium
dodecyl sulfate (SDS)-13.5 or 8% polyacrylamide gel elec-
trophoresis (PAGE) gels. The gels were then equilibrated in
transfer buffer (20 mM Tris-HCl, 150 mM glycine, 20%
methanol) and transferred to polyvinylidene difluoride mem-
branes (Immobilon P; Millipore Canada Ltd., Mississauga,
Ontario, Canada) at 200 mA for 1.5 h in a Transblot
apparatus (Bio-Rad Laboratories, Mississauga, Ontario,
Canada). The polyvinylidene difluoride membranes were
blocked in 4% bovine serum albumin in TBS (10 mM
Tris-HCl [pH 7.5], 150 mM NaCl) for 2 h at room tempera-
ture and then washed three times in TBS containing 0.05%
Tween 20 (TlBS). The blots were washed twice in TlBS,
for 10 min each time, and then incubated for 2 h with the
anti-phosphotyrosine MAb (1 p,g/ml) or an anti-TCR t MAb
(2.5 ,ug/ml) in 1% bovine serum albumin-TTBS. The blots
were washed and incubated for 45 min with goat-anti-mouse
immunoglobulin G antibody conjugated to horseradish per-
oxidase (1/10,000 dilution in 1% bovine serum albumin-
TTBS) (Southern Biotechnology Associates Inc., Birming-
ham, Ala.). The blots were washed three times in TTBS, for
30 min each time, and then twice in TBS, for 5 min each
time. The blots were subsequently developed with the en-
hanced chemiluminesence assay as described in the manu-
facturer's instructions (ECL kit; Amersham Canada Ltd.,
Oakville, Ontario, Canada). In vitro kinase assays of immu-
noprecipitates were done essentially as previously described
(7). Phosphoamino acid analysis was also done as previously
described (59).

Tyrosine-phosphorylated TCR C coupling to Sepharose
beads. The cytoplasmic domain of the TCR t chain (residues
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52 to 164) was synthesized in its entirety and phosphorylated
on tyrosyl residues by baculovirus-produced p56lkPTK as
previously described (59). One hundred micrograms of non-
phosphorylated or tyrosine-phosphorylated TCR C was cou-
pled to activated CH-Sepharose 4B in accordance with the
manufacturer's (Pharmacia LKB Biotechnology) instruc-
tions. Approximately 100 pg of protein was coupled to 100 ,ul
of swollen beads, with an efficiency of coupling of greater
than 80% under these conditions. The TCR C- and phospho
(-coupled beads were used as affinity ligands to precipitate
proteins from total T-cell lysates at a ratio of 107 cells per 10
,ul of packed beads. The lysates were incubated with the
beads for 2 h, washed four times in 0.5% Triton X-100 lysis
buffer, and subjected to in vitro kinase assays as previously
described (7).

RESULTS

The TCR C chain is constitutively tyrosine phosphorylated in
both thymocytes and peripheral lymph node T cells. The
tyrosine phosphorylation status of the TCR ; chain isolated
from normal C57BL/6J thymocytes and lymph node T cells
was assessed by immunoprecipitating TCR-CD3 complexes
from total cell lysates and immunoblotting them with anti-
phosphotyrosine MAbs (32). As in the experiments of Na-
kayama et al. (30-32), we found that the TCR t chain is
constitutively tyrosine phosphorylated in thymocytes iso-
lated from C57BL/6J mice, migrating as a 21-kDa phospho-
protein (phospho t) (Fig. 1A, lanes 1 and 2) (30-32). How-
ever, in contrast to those reports, we also detected phospho
( in TCR-CD3 immunoprecipitates from lymph node T cells
(Fig. 1A, lane 4). Densitometric scans indicated that the
levels of phospho t were approximately threefold higher in
C57BL/6J lymph node T cells than in equivalent numbers of
thymocytes (lane 3 versus lane 1). In addition to phospho t,
a second, unidentified 30-kDa phosphoprotein also coprecip-
itated with the TCR-CD3 complex isolated from lymph node
T cells (Fig. 1A, lanes 3 and 4). Given the knowledge that
immature thymocytes express much less TCR than do ma-
ture T cells, the greater levels of phospho t in lymph node T
cells may reflect the increased number of intact TCR-CD3
complexes precipitated from these cells. To examine this
possibility, the blots in Fig. 1A were stripped and reprobed
with an anti-TCR t MAb. As shown in Fig. 1B, the nonphos-
phorylated TCR t chain migrated with an apparent molecular
mass of 16 to 18 kDa. It is also evident from Fig. 1B that the
amount of TCR t immunoprecipitated from lymph node T
cells was roughly threefold greater than that immunoprecip-
itated from equivalent numbers of thymocytes (Fig. 1B,
lanes 3 versus 1 and 4 versus 2). These data suggest that in
thymocytes and lymph node T cells, TCR-associated ;
chains are tyrosine phosphorylated to similar extents. The
faint 21-kDa band detected in Fig. 1B, lane 4, could be due
to either a residual anti-phosphotyrosine antibody or detec-
tion of phospho t by the anti-; MAb. Although the anti-;
MAb can detect both nonphosphorylated t and phospho t,
the former possibility is more likely since our preliminary
studies suggested that, at most, 1% of the total TCR t is
tyrosinse phosphorylated in ex vivo lymph node T cells
(46a); the amount of phospho ; in Fig. 1B is likely too low for
detection by the anti-; MAb.

In vivo tyrosine phosphorylation of the TCR C chain can
occur in the absence of the nominal antigen. Since it has been
reported that the TCR ; subunit becomes tyrosine phosphor-
ylated in mature T cells following TCR engagement (15, 42),
it was conceivable that the lymph node T cells analyzed in
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FIG. 1. Constitutive expression of tyrosine-phosphorylated TCR
; in thymocytes (T) and lymph node T cells (LN). (A) C57BL/6J
thymocytes (lanes 1, 2, and 5) and lymph node T cells (lanes 3, 4)
were lysed and immunoprecipitated with an anti-CD3 e MAb under
conditions which maintain TCR e phosphorylation. Immune com-
plexes were resolved on SDS-13.5% PAGE followed by immuno-
blotting with MAb 4G10. (B) The blots in panel A were stripped and
reprobed with an anti-TCR t MAb. Lanes 1 and 3 contained
immunoprecipitates from 107 cells, lanes 2 and 4 contained immu-
noprecipitates from 3 x 107 cells, and lane 5 contained immunopre-
cipitates from 4.5 x 107 thymocytes. Lane 6 contained an antibody
control. The arrows indicate the positions of tyrosine-phosphory-
lated (A) and nonphosphorylated (B) TCR t.

our study were antigenically stimulated in vivo. Alterna-
tively, other regulatory events may contribute to the forma-
tion of phospho t. We addressed these possibilities by
comparing the tyrosine phosphorylation levels of the TCR C
chain in lymph node T cells and thymocytes isolated from
H-Y TCR transgenic mice. On most of their thymocytes,
these mice express an ap TCR specific for the male H-Y
peptide presented by H-2Db major histocompatibility com-
plex class I molecules (22, 23). Mature CD4- CD8+ T cells
from H-2b female TCR transgenic mice that express the
transgenic TCR comprise a population of virgin T cells, with
the transgenic x chain confering reactivity to the male
antigen (16, 22, 38, 48, 57). Therefore, if antigenic stimula-
tion was required for attainment of the constitutive TCR ;
phosphorylation that we detected in C57BL/6J lymph node T
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FIG. 2. Constitutive tyrosine phosphorylation of TCR t in the

absence of male antigen and/or coreceptor expression. (A) CD4-
CD8+ thymocytes and lymph node T cells were isolated from female

H-2' TCR transgenic mice, lysed, immunoprecipitated with an

anti-CD3 MAb, and immunoblotted with anti-phosphotyrosine anti-

bodies. We compared 3 x 107
unseparated thymocytes (lane 1),

lymph node T cells (lane 3), CD4- CD8+ thymocytes (lane 2), and

lymph node T cells (lane 4) from H-2b female TCR transgenic for

constitutive phosphorylation of the TCR t chain. (B) We also

immunoblotted 5 x 10' cell equivalents of the samples in panel A

with an anti-TCR t MAb. The arrows indicate the positions of

tyrosine-phosphorylated (A) and nonphosphorylated (B) TCR t.

cells or thymocytes, little or no phospho t would be ex-

pected in either CD4- CD8+ ac TCR+ lymph node T cells or

thymocytes isolated fromao1 TCR transgenic female mice.

To examine this possibility, we isolated CD4- CD8+ thymo-

cytes and peripheral T cells from H-Y TCR transgenic mice.

All of the CD4- CD8+ cells isolated expressed the TCR

transgene product (F23.1), while 95 and 67% of the enriched

CD4- CD8+ populations of thymocytes and lymph node

cells, respectively, expressed the a transgene product

(T3.70) (22, 48, 49).
The unseparated and CD4- CD8+ thymocytes and lymph

node T cells from the TCR transgenic female mice were

lysed, and the TCR-CD3 complexes were precipitated with

an anti-CD3
£

MAb and analyzed by immunoblotting. The

levels of phospho t expressed in these different cell popula-

tions are shown in Fig. 2A. It is evident from the results that

unseparated thymocytes (lane 1) and lymph node T cells

(lane 3) express a constitutively tyrosine-phosphorylated
TCR t chain. In three independent experiments, the levels of
phospho t ranged from roughly equivalent to twofold higher
in lymph node T cells (lane 3 versus lane 1). Moreover,
CD4- CD8+ enriched cell populations from TCR transgenic
female mice maintained levels of phospho ; which were
roughly equivalent to those of unseparated thymocytes (lane
2 versus lane 1) and lymph node T cells (lane 4 versus lane
3). The levels of total TCR t precipitated from these cell
populations was subsequently determined by immunoblot-
ting with an anti-TCR t MAb. The amount of TCR t
precipitated from both the unseparated and CD4- CD8+
lymph node T-cell populations was also roughly equivalent
to that obtained from thymocyte populations (Fig. 2B, lanes
3 and 4 versus 1 and 2). It is important to note that
thymocytes from TCR transgenic mice express high levels of
surface TCR as a consequence of the TCR transgene, at
levels approaching that detected in mature T cells (22, 23).
These results demonstrate that virgin CD4- CD8+ thymo-
cytes and mature, unstimulated CD4- CD8+ peripheral T
cells maintain expression of phospho t at levels comparable
to those in normal mice. Moreover, the amount of constitu-
tively tyrosine-phosphorylated TCR t correlates with the
levels of total precipitable TCR t. In CD4+ CD8+ thymo-
cytes, CD4-mediated intracellular signals are reported to
induce tyrosine phosphorylation of TCRe and degradation
of newly synthesized TCR complexes within the endoplas-
mic reticulum (5, 32). We found that CD4- CD8- thymo-
cytes from H-Y TCR transgenic male and female mice also
expressed phospho t at levels equivalent to those of unsep-
arated thymocyte populations from the same mice (data not
shown). Therefore, absence of CD4 and CD8 failed to
influence the overall levels of phospho t. These results are
consistent with the interpretation that the constitutive ty-
rosine phosphorylation of TCR t may occur through regula-
tory mechanisms which can function independently of core-
ceptor expression and exposure to the male antigen.

Tyrosine phosphorylation of multiple surface TCR-associ-
ated proteins requires TCR stimulation. It has recently been
demonstrated that in human T cells a 70-kDa PTK (ZAP-70)
specifically associates with the tyrosine-phosphorylated
TCR t chain (7, 8). Given our finding that lymph node T cells
express a constitutively tyrosine-phosphorylated TCR t, it
was of interest to determine whether any phosphoproteins
such as ZAP-70 are complexed with phosphoC in an activa-
tion-independent manner. To perform these experiments, we
initially examined whether any phospho t was associated
with the surface TCR complex. Surface TCR was precipi-
tated from unstimulated C57BL/6J lymph node T cells and
compared with the amounts of phospho t-TCR complexes
precipitated from total cell lysates with an anti-CD3 e MAb.
As illustrated in Fig. 3A, approximately 35% of the total
precipitable tyrosine-phosphorylated TCR t was associated
with the surface TCR complex (lane 1 versus lane 5). In four
independent experiments, we noted that these levels varied
from as low as 25% to as high as 75%.
To study whether TCR engagement altered the levels of

phospho t, surface TCR complexes were isolated following
T-cell activation. Cell lysates were prepared from stimulated
cells and incubated with protein A-coupled beads to precip-
itate the stimulating antibody. TCR engagement of lymph
node T cells for up to 30 min resulted in a two- to threefold
increase in the detection of surface TCR-associated phospho
t (Fig. 3A, lanes 2 to 4 versus lane 1). To examine the
presence of additional surface TCR-associated phosphopro-
teins more carefully, the immunoblots in Fig. 3A were
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FIG. 3. The association of multiple phosphoproteins with a con-

stitutively tyrosine-phosphorylated TCR t chain requires TCR stim-
ulation. (A) Peripheral lymph node T cells were untreated (lane 1) or
stimulated with an anti-CD3 MAb for 3 (lane 2), 10 (lane 3), or 30
(lane 4) min. Lymph node T cells were also cultured for 4 h at 37°C
(lane 6) and subsequently stimulated with an anti-CD3 e MAb for 10

min (lane 7). The surface-associated TCR immunoprecipitates from
unstimulated and stimulated samples were analyzed by Western
blotting (immunoblotting) with an anti-phosphotyrosine MAb. In
lane 5, total cell lysates were immunoprecipitated and assessed for
tyrosine-phosphorylated protein associations. Lanes 1 to 7 con-
tained immunoprecipitates from 3 x 107 C57BL/6J lymph node T
cells, while lane 8 contained only the antibody used for the precip-
itations. (B) Prolonged exposure of the immunoblots shown in panel
A revealed the presence of phosphoproteins of 30, 34, 45, and 70
kDa. The numbers on the left are molecular sizes in kilodaltons.

exposed for prolonged periods. In this manner, a tyrosine-
phosphorylated 30-kDa protein was found to coprecipitate
with the surface TCR complex in the absence of TCR
stimulation. This 30-kDa phosphoprotein appears to be
similar to the 30-kDa phosphoprotein identified in Fig. 1A. In
this experiment, a 72-kDa phosphoprotein was undetectable
in unstimulated lymph node T cells (Fig. 3B, lane 1) although
it could be detected as a very faint band in other experi-
ments. TCR engagement increased the amounts of tyrosine-
phosphorylated p30 and p72 detected approximately four- to
fivefold (Fig. 3B, lanes 1 to 4). TCR stimulation also con-

tributed to the detection of tyrosine-phosphorylated proteins
with molecular masses of 45 and 34 kDa (Fig. 3B, lanes 2 to
4 versus lane 1). Many of these tyrosine-phosphorylated
proteins were also detected in TCR-CD3 precipitates from
total cell lysates of unstimulated cells (Fig. 3B, lane 5).

Under the stimulation conditions described, the amounts of
nonphosphorylated TCR t precipitated from the surface
TCR complex were roughly equivalent before and after TCR
stimulation (data not shown).
To examine how the tyrosine-phosphorylated TCR 4 chain

influenced the association of coprecipitating phosphopro-
teins, C57BLU6J lymph node T cells were cultured in vitro
for 4 h at 37°C. This led to a four- to sixfold reduction in
tyrosine-phosphorylated surface-associated TCR t (Fig. 3B,
lane 6). Subsequent TCR engagement of the cultured cells
elicited tyrosine phosphorylation of 72- and 30-kDa proteins
and the 21-kDa protein which is likely TCR ( (Fig. 3B, lane
7).
A tyrosine kinase associated with surface TCR-phospho g

complexes is activated following TCR engagement. Given the
large number of phosphoproteins which associated with the
surface TCR complex, we next examined whether surface
TCR-phospho t complexes are associated with any PTKs.
Intact surface TCR-CD3 complexes were precipitated and
analyzed in kinase assays. Following the in vitro kinase
assay, several phosphorylated proteins with molecular
masses of 110, 72, 55, 30, and 21 kDa were detected in TCR
precipitates from unstimulated lymph node T cells (Fig. 4A
and 5A, lanes 1). These phosphorylated proteins are analo-
gous to those detected in kinase assays of TCR-CD3 precip-
itates of total lymph node T-cell lysates (lane 3). Impor-
tantly, a marked increase in kinase activity was observed in
surface TCR-CD3 precipitates following TCR engagement
(Fig. 4A and 5A, lanes 2). Immunoprecipitates with anti-Db
(141-30) and anti-CD45 (I 3/2) antibodies and normal rabbit
serum demonstrated no significant phosphorylation of the
TCR-associated phosphoproteins (Fig. 4A, lanes 7 to 9).

In both kinase assays and immunoblot analyses, we iden-
tified a 72-kDa protein which coprecipitated with the TCR
complex. To examine further the possibility that surface
TCR-phospho t complexes in lymph node T cells associate
with a PTK which may be the murine equivalent of ZAP-70,
lymph node T cells were cultured for several hours to
dephosphorylate TCR t, as shown in Fig. 3A, lane 6. Upon
TCR t dephosphorylation, we detected only minimal kinase
activity in surface TCR complexes or in TCR immunopre-
cipitates of total cell lysates (Fig. 4A, lanes 4 and 6,
respectively). Importantly, subsequent engagement of the
TCR led to a dramatic increase in kinase activity, and this
was correlated with TCR t rephosphorylation and phosphor-
ylation of the 72-kDa protein (Fig. 4A, lane 5). It is apparent
from the results in Fig. 4A and 5A that there was some
variability in the amount of kinase activity that coprecipi-
tated with surface TCR-phospho t in unstimulated cells (lane
1). This may reflect the variability noted in the amount of
surface TCR-associated phospho C present in lymph node T
cells, which can range from 25 to 75% of total phospho t.
Again, TCR stimulation increased the tyrosine phosphory-
lation of surface-associated TCR t (Fig. 4B, lanes 1 to 3),
while the amounts of surface-precipitable nonphosphory-
lated TCR t were fairly equivalent in unstimulated and
stimulated cells (Fig. 4C, lanes 1 and 2). Five of the
phosphorylated proteins indicated in Fig. 5A were examined
for phosphoamino acid content. As shown Fig. 5B, all five
bands were phosphorylated on tyrosine residues. The pres-
ence of phosphoserine and phosphothreonine in band 3 may
be due to association of nonspecific kinase with the immu-
noglobulin heavy chain (data not shown).
As an additional means of determining whether the surface

TCR-phospho c-associated PTK is the murine equivalent of
ZAP-70, the cytoplasmic domain of TCR t was tyrosine
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FIG. 4. Surface TCR-CD3 complexes associate with a kinase
which is activated following TCR stimulation. (A) Surface TCR-CD3
complexes from 107 unstimulated (lane 1) or TCR-stimulated (lane 2;
10 min of stimulation) C57BLU6J lymph node T cells and TCR-CD3
complexes precipitated from total T-cell lysates (lane 3) were
subjected to in vitro kinase assays, SDS-PAGE, and autoradiogra-
phy. Lymph node T cells were also cultured for 4 h at 37°C (lane 4)
and subsequently stimulated with an anti-CD3 e MAb for 10 min
(lane 5) and then subjected to surface TCR-CD3 precipitation and
kinase assays. TCR-CD3 immunoprecipitates and kinase assays
from total cell lysates of T cells cultured for 4 h were in lane 6.
Control immunoprecipitates with an anti-major histocompatibility
complex class I MAb (lane 7), normal rabbit serum (NRS; lane 8),
and an anti-CD45 MAb (lane 9) are shown. The numbers on the left
are molecular sizes in kilodaltons. (B) Samples identical to those
shown in lanes 1 to 3 of panel A were also examined by anti-
phosphotyrosine immunoblot analysis subsequent to TCR-CD3 pre-
cipitations. (C) The blots in panel B were reprobed with an anti-TCR
c MAb.

phosphorylated and coupled to Sepharose beads. As shown
in Fig. SC, only tyrosine-phosphorylated (lane 3), not non-
phosphorylated (lane 2), TCR ; beads were capable of
precipitating a 72-kDa protein from total T-cell lysates which
became phosphorylated in the kinase assay. Phosphoamino
acid analysis confirmed that this protein was phosphorylated
exclusively on tyrosine residues (data not shown).
Sepharose beads coupled with the nonphosphorylated form
of the cytoplasmic domain ofTCR ; precipitated a number of
other proteins but not the 72-kDa protein (Fig. SC, lane 2
versus lane 3). Unconjugated beads failed to precipitate any
detectable kinase activity (lane 1). These results suggest that
the 72-kDa phosphoprotein binds specifically to tyrosine-
phosphorylated TCR t.
Given the knowledge that p56kck and p59?5f are also

involved in TCR signalling, it was possible that the surface
TCR-associated kinase activity we detected was attributable
to p561ck and/or p5915". To address this possibility, we

compared immunoprecipitates of surface TCR complexes
for p561ck and p59Wf kinase activity. In Fig. 6A, the surface

C Affinity Ligand lmmunoprecipitation

206-

116- A
80-

49.5- .

1 2 3
FIG. 5. Surface TCR-phospho t complexes associate with a

72-kDa PTK which is activated following TCR receptor ligation. (A)
Surface TCR-CD3 complexes from unstimulated lymph node T cells
(lane 1) and anti-CD3-stimulated T cells (lane 2; 10 min of stimula-
tion) were precipitated and subjected to in vitro kinase assays,
SDS-PAGE, and autoradiography. Lane 3 represents the TCR-CD3
complexes precipitated from total cell lysates. (B) The phosphopro-
teins labelled 1 to 5 in panel A were excised from the polyvinylidene
difluoride membrane and subjected to phosphoamino acid analysis.
(C) The cytoplasmic domain of TCR t was tyrosine phosphorylated
in vitro and coupled to Sepharose beads. Unconjugated beads (lane
1), c-coupled beads (lane 2), and phospho C-coupled Sepharose
beads (lane 3) were used to precipitate proteins from total T-cell
lysates which were characterized by an in vitro kinase assay
followed by SDS-PAGE and autoradiography. The numbers beside
the panels are molecular sizes in kilodaltons.

TCR complexes exhibit a pattern of phosphoproteins includ-
ing a 72-kDa phosphoprotein which was not detected in the
kinase assays of p56k or p59(5f immunoprecipitates (lane 1
versus lanes 2 and 3). There is, however, a phosphoprotein
in the TCR precipitates which migrated at a molecular
weight near that of autophosphorylated p56ick (lane 1 versus
lane 3). To examine further whether p561ck and/or p5915f
could associate and coprecipitate with surface TCR com-
plexes following TCR engagement, anti-TCR immunoprecip-
itates from anti-CD3-stimulated T cells were blotted for
p56'ck and p5915f. Within the detection limits of the system,
we were unable to detect either p56kck or p59's"' coprecipi-
tating with surface TCR complexes. However, both proteins
were readily detected in total cell lysates from 15-fold fewer
cell equivalents (Fig. 6B, lanes 1 versus 2 and 4 versus 5).
The band which migrated just below p56ck in the TCR
immunoprecipitates appears to be the anti-CD3 MAb
(present in lanes 1, 3, and 5) and is likely the same phospho-
protein which migrated near p56kck in the SDS-PAGE anal-
ysis of the kinase assays (Fig. 6A, lane 1). Lymph node

-4- Phospho Ser
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t.ww9
1 2 3 4 5

MOL. CELL. BIOL.



REGULATION OF TCR-ASSOCIATED PTK BY TCR t 5777

A In Vitro Kinese

1 2 3

205 -

116 -

80- .

49.5 -

B Western Blot

1 2 3 4 5

205 -

116 -

80 -

49.5 -

FIG. 6. Surface TCR complexes associate with a PTK distinct
from p56Ick and p59')f. (A) Surface TCR complexes from 3 x 107
stimulated lymph node T cells (lane 1; 10 min of 2C11 stimulation),
p59nfy precipitates (lane 2; 5 x 106 cell equivalents), and p56k
precipitates (lane 3; 2 x 106 cell equivalents) were subjected to
kinase assays and SDS-8% PAGE. The arrow indicates the position
of the 72-kDa band. (B) Surface TCR complexes from 2C11-
stimulated T cells (lanes 1 and 5; 3 x 107 cell equivalents) and total
T-cell lysates (lanes 2 and 4; 2 x 106 cell equivalents) were analyzed
by SDS-7.5% PAGE and immunoblotting with antibodies to p59?5f
(lanes 1 and 2) or p56"k (lanes 3 to 5). Lane 3 contained 5 ±g of
purified 2C11. The numbers on the left are molecular sizes in
kilodaltons.

T-cell lysates were also depleted of p56Ick and p5915l, and the
TCR-CD3 complexes were subsequently precipitated and
subjected to in vitro kinase assays. Under these conditions,
a 72-kDa phosphoprotein was still present despite the re-
moval of p561ck or p59ryf (data not shown).

DISCUSSION

TCR stimulation activates the PTK pathway, leading to
the tyrosine phosphorylation of numerous cellular sub-
strates, including the TCR t chain (25). In this report, we
show that both lymph node T cells and thymocytes from
normal C57BU6J mice and H-Y TCR transgenic mice ex-
press a constitutively tyrosine-phosphorylated TCR t sub-
unit. In H-Y TCR transgenic mice, constitutive tyrosine
phosphorylation of TCR t can occur in the absence of the
male antigen and does not require CD4 or CD8 coreceptor
expression. We also demonstrate that surface TCR com-
plexes isolated from C57BL/6J lymph node T cells contain
phospho t and associate with 30- and 72-kDa tyrosine-
phosphorylated proteins. TCR engagement of these cells
leads to increased tyrosine phosphorylation of p30 and p72,
as well as detection of phosphoproteins with molecular

masses of 34 and 45 kDa. The surface TCR complexes also
associate with a PTK which is activated upon TCR engage-
ment. Detection of PTK activity requires the expression of
phospho t, as cells which have been cultured for several
hours exhibit a considerable loss of phospho C and associ-
ated PTK activity that coprecipitates with surface TCR
complexes. Moreover, subsequent TCR stimulation of these
lymph node T cells results in rephosphorylation of TCR t
and reappearance of surface TCR-associated PTK activity.
A tyrosine-phosphorylated cytoplasmic region of TCR t
coupled to beads can specifically precipitate a PTK from
T-cell lysates. In in vitro kinase assays, the major tyrosine-
phosphorylated protein precipitated by phospho c-coupled
beads exhibits a molecular mass of 72 kDa.
The finding in this study that the TCR t chain is constitu-

tively tyrosine phosphorylated in murine lymph node T cells
is in apparent contradiction to previously published reports
(41, 42, 55). There are several potential explanations for
these discrepant results. (i) As noted elsewhere and shown in
Fig. 3, the constitutively tyrosine-phosphorylated TCR t
chain dephosphorylates after several hours of cell culture at
37°C (30). Previous reports characterizing peripheral lymph
node T cells employed purification techniques which re-
quired elevated temperatures for several hours (41, 42, 55).
This may have led to the spontaneous dephosphorylation of
many tyrosine-phosphorylated TCR t subunits. To isolate
and characterize the T cells used in this study, lymph node
cells were depleted of B cells at a temperature of 4°C, a
condition which prevents TCR t dephosphorylation (32). We
cannot rule out the possibility that maintaining the cells at
4°C inactivated a protein tyrosine phosphatase and/or acti-
vated a PTK, ultimately leading to TCR t phosphorylation
(36, 42). However, this seems unlikely as dephosphorylation
of the TCR t chain in both thymocytes and lymph node T
cells requires at least 4 h of in vitro culture at 37°C (32, 50b).
(ii) Earlier studies utilized Pi labelling techniques to assess
the status of TCR t phosphorylation. If the T cells used in
these studies were already tyrosine phosphorylated and
tyrosine phosphate turnover proceeded slowly, then little or
no incorporation of Pi would have occurred. (iii) We have
noted some variability in the levels of tyrosine-phosphory-
lated TCR t expressed as a component of the surface-TCR
complex. This may reflect a number of regulatory mecha-
nisms that are necessary for maintenance of a constitutively
tyrosine-phosphorylated TCR t subunit.

Expression of a constitutively tyrosine-phosphorylated
surface-associated TCR e chain in lymph node T cells and
thymocytes may have important implications for TCR signal
transduction. Most studies on TCR signalling processes have
used T-cell lines which do not express a constitutively
tyrosine-phosphorylated TCR t subunit (7, 8, 36, 41, 42). In
fact, the constitutive expression of phospho t is hypothe-
sized to provide a negative regulatory signal preventing
effective TCR signal transduction (30-32, 55). For example,
previous investigations have demonstrated that immature
CD4+ CD8+ thymocytes express a functional TCR-CD3
complex (13, 14, 33) with a constitutively tyrosine-phosphor-
ylated TCR t subunit (30, 32). Following in vitro cell
culturing, both the TCR number and the calcium-signalling
capability of these cells are increased and the TCR t subunit
becomes dephosphorylated (30-32). In contrast to these
reports, we found no correlation between the constitutive
tyrosine phosphorylation of TCR g and poor TCR signalling
events. Thus, lymph node T cells expressing phospho t can
respond to TCR engagement with PTK activation. Further-
more, immature CD4- CD8- thymocytes from H-Y TCR
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transgenic female (50b) or male (51) mice are fully able to
transduce intracellular signals despite expression of a con-
stitutively tyrosine-phosphorylated TCR ; chain.
The importance of phospho t in TCR signal transduction is

underscored by the recent finding that PTK ZAP-70 specif-
ically associates with phospho following TCR stimulation,
in a mechanism that likely involves either one or both SH2
domains of ZAP-70 (7, 8, 18). Tyrosine-phosphorylated TCR
t may therefore enable recruitment of ZAP-70 to activated
receptor complexes. As demonstrated in this study, lymph
node T cells express a surface-associated TCR-phospho t
complex which associates with two phosphoproteins with
molecular masses of 30 and 72 kDa. Furthermore, this
TCR-phospho e complex exhibits PTK activity. The activity
of the PTK is increased following TCR engagement, and this
contributes to the increased tyrosine phosphorylation of p30
and p72, as well as the detection of several additional
phosphoproteins of 34, 45, and 110 kDa. An affinity ligand
comprising the tyrosine-phosphorylated TCR chain can
precipitate a PTK, and the major tyrosine-phosphorylated
protein identified in kinase assays, as determined by SDS-
PAGE, exhibits an apparent molecular mass of 72 kDa.
Therefore, the 72-kDa phosphoprotein identified in this
system may represent the murine equivalent of ZAP-70.
To date, three PTKs have been implicated in TCR signal

transduction: p59FYn (11, 12, 43), p561ck (1, 29, 39, 40, 53, 54),
and ZAP-70 (7, 8, 18, 58). Recent reports have identified a
72-kDa PTK termed Syk which is involved in B-cell receptor
signalling (17). Interestingly, Syk is weakly expressed in T
cells (17), and it is conceivable that Syk plays a role in TCR
signal transduction. In addition, although we were unable to
detect p59y'5 or p56lck in surface TCR precipitates in this
study, it is possible that one or both kinases are involved in
the regulation of TCR t phosphorylation and ZAP-70 kinase
functions. For example, both p59'y and pS6lck have been
shown to potentiate the kinase function of ZAP-70 in COS
cell transfectants (8).

If the aforementioned 72-kDa protein identified in this
study which coprecipitates with the surface TCR complex
represents the murine equivalent of ZAP-70, one interpreta-
tion of these results is that TCR stimulation leads to activa-
tion of ZAP-70, which is already associated with the consti-
tutively tyrosine-phosphorylated TCR 4 chain. This is
consistent with the ability of p56'ck or p59fyn to potentiate the
phosphorylation and activation of ZAP-70 (8). However, we
cannot rule out the possibility that additional ZAP-70 is
recruited from the cytosol and associates with surface-
associated phospho t following its activation by other PTKs.
It is also possible that a negative regulator associates with
some of the surface-associated phospho t and becomes
displaced following TCR activation. However, we found
significant PTK activity in cell surface TCR precipitates in
the absence of TCR stimulation.
A recent report showed that a 70-kDa PTK, which may be

ZAP-70, is capable of complexing with CD3 £ (58). More-
over, CD3 £ may function as an independent signal trans-
duction module similar to or distinct from TCR t (28, 60).
Given the finding that multiple CD3 components become
tyrosine phosphorylated following TCR engagement (36), it
is also possible that the surface TCR-phospho t complexes
associate with a PTK via CD3 £. Whether the 30-kDa
tyrosine-phosphorylated band observed in our studies is one
of the CD3 components that contribute to the binding of the
72-kDa tyrosine-phosphorylated band remains to be deter-
mined.
The mechanisms by which the src family PTKs and the

TCR C-associated PTK are regulated remain to be eluci-
dated. Interestingly, TCR engagement results in rapid and
transient phosphorylation of numerous cellular substrates
(15). We found that unlike these tyrosine-phosphorylated
proteins, the maximal tyrosine phosphorylation of p72 was
very latent, at 15 to 20 min following TCR engagement. In
fact, the kinetics of p72 tyrosine phosphorylation appear to
follow those previously described for TCR t (15). This raises
the possibility of a second sequence of receptor-mediated
signalling events that occur following the induction and
subsequent dephosphorylation of most of the phosphopro-
teins. The constitutive tyrosine phosphorylation of TCR ; in
both thymocytes and peripheral lymph node T cells suggests
an important role for both phospho t and the phospho
c-associated PTK in TCR signal transduction. A full under-
standing of TCR signalling processes requires an evaluation
of the regulation of TCR t phosphorylation, as well as the
regulatory mechanisms that occur between the various
PTKs and their substrates in the presence and absence of
phospho g.
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