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The lymphocyte-specific tyrosine protein kinase p56kk is abundantly expressed in L3T4+ (CD4+) and Lyt-2+
(CD8+) T-lymphocytes, where it is predominantly phosphorylated in vivo on the carboxy-terminal tyrosine
residue 505 (Y-505). Upon exposure to activating signals (mitogenic lectins, antibodies to the T-cell receptor),
the ps6kk expressed in normal cloned murine T-cells is modified into a product which migrates at
approximately 59 kilodaltons on sodium dodecyl sulfate-polyacrylamide gels and which possesses several
amino-terminal serine phosphorylations. The changes in both mobility and amino-terminal phosphorylation
can be reproduced by known activators of protein kinase C (4 a-phorbol 12 I8-myristate, dioctanoylglycerol),
suggesting that this signal transduction pathway (or related pathways) mediates at least part of these events.
Interestingly, agents raising intracellular calcium (such as A23187) cause the appearance of several of these
amino-terminal phosphorylation changes but do not cause the pronounced shift in electrophoretic mobility.
These data suggest that at least two serine kinase systems are implicated in the alterations of p56kk associated
with T-cell activation and that the Ick gene product plays a critical role in normal T-cell physiology.

T-lymphocyte activation represents a series of pro-
grammed biochemical alterations which culminate in the
expression of either helper-inducer or cytotoxic-suppressor
T-cell functions. While the phenotypic properties of acti-
vated T-cells are relatively well described (for a review, see
reference 33), less is known about the early molecular events
which initiate this process. However, it has been established
that during this response the T-lymphocytes undergo a rapid
increase in phosphatidylinositol-4,5-bisphosphate hydrolysis
which results in the stimulation of protein kinase C (PKC) by
diacylglycerol and elevation of intracellular calcium levels as
at least a partial consequence of D-inositol-1,4,5-tri-
phosphate production (33). These observations have fos-
tered the view that the cellular functions influenced by
altered calcium concentrations and phosphorylation of PKC
substrates help mediate the process of T-lymphocyte activa-
tion.

Ick is a member of the src family of tyrosine-specific
protein kinase genes abundantly expressed in T-lympho-
cytes (20, 30). The relatively high levels of Ick transcripts
detected in normal T-lymphocytes coupled with elevated Ick
expression in some murine T-cell tumors (22, 32) has led to
the concept that the lck gene product, pS61ck, plays an
important role in T-cell growth and development. In contrast
with polypeptide growth factor receptors, p56Ick does not
possess extracellular or transmembrane domains (for a re-
view, see J. A. Cooper, in B. Kemp and P. F. Alewood, ed.,
Peptides and Protein Phosphorylation, in press), thereby
prohibiting direct interactions with external factors. How-
ever, like growth factor receptors, pS61ck and the other
members of the src family of tyrosine kinases are associated
with plasma membranes, where they are thought to poten-
tially modify and/or amplify cellular signal transduction
responses to proliferative and differentiation stimuli. Consis-
tent with this idea is the observation that pp6Oc-src is rapidly
phosphorylated and its protein kinase activity is transiently
activated in fibroblasts exposed to platelet-derived growth
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factor (27). Additionally, pp60-3src has been shown to be
phosphorylated by PKC after treatment of fibroblasts with
certain tumor promoters (10) or exposure of the human
T-cell leukemia cell line Jurkat to antibodies to the CD3/
T-cell receptor complex (15).
Because p561ck represents the most abundant member of

the src family of tyrosine protein kinases to be expressed in
T-lymphocytes, we analyzed the effects of different activat-
ing signals on the biophysical and biochemical properties of
p56lCk in normal cloned murine T cells. Our results demon-
strate that p56Ick is abundantly expressed in both L3T4+
(CD4+) and Lyt-2+ (CD8+) cloned T-cells, where it is
predominantly phosphorylated in vivo on tyrosine (Y) 505
with little or no detectable occupancy of Y-394, the major
site of in vitro phosphorylation. After exposure of T-cells to
activating signals, the Lck protein is rapidly modified into a
series of products which demonstrate reduced electropho-
retic mobility and multiple new amino-terminal serine phos-
phorylations. These alterations in Lck phosphorylation and
gel mobility could also be induced by treatment of the T-cells
with activators of PKC. However, treatment of the cells with
calcium ionophores, which resulted in the appearance of the
majority of the amino-terminal pS6Ick phosphorylations, did
not induce the altered electrophoretic mobility. We interpret
our results to suggest that at least two serine protein kinase
pathways are implicated in the alterations of the Ick gene
product during T-cell activation.

MATERIALS AND METHODS
Cells. C8 and B10 are cloned lines of L3T4+ helper-

inducer class II major histocompatibility complex (MHC)-
restricted T-lymphocytes derived from C57BL/6 (B6) mice
immunized with the RBL5 tumor and are specific for viral
envelope glycoprotein gp70 (2). Clones were maintained by
cyclic stimulation with irradiated (30 Gy) B6 spleen cells and
inactivated Friend virus as a source of gp70 antigen. 1B6 is
a Lyt-2+ class I MHC-restricted cytotoxic T-lymphocyte
clone derived from B6 mice after immunization with FBL3
tumor cells (21). 1B6 was maintained by cyclic stimulation
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with irradiated (30 Gy) B6 spleen cells and irradiated (100
Gy) FBL3 tumor cells. Culture medium consisted of a 1:1
mixture of Eagle-Hanks amino acids and RPMI 1640 supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, 50 ,ug
of gentamicin per ml, 100 U of penicillin per ml, and 5 x 10'
M 2-mercaptoethanol (ER medium). For bulk expansion,
cells were recovered 48 h after activation and replated in ER
medium containing 100 U of human recombinant interleukin-
2 (IL-2) (kindly provided by the Cetus Corporation, Emery-
ville, Calif.) per ml. Resting T-cells were harvested 5 to 7
days later by Ficoll-Hypaque density gradient centrifuga-
tion. RBL5 and FBL3 are Friend-Moloney-Rauscher virus-
induced T-cell leukemia lines derived from B6 mice (9). EL4
is a chemically induced T-cell leukemia of B6 mice (9).
YAC-1 cells were derived from a lymphoma induced by
inoculation of the Moloney murine leukemia virus into a
newborn A/Sn mouse. LSTRA (kindly provided by Bart
Sefton, Salk Institute, La Jolla, Calif.) is a Moloney murine
leukemia virus-induced T-cell thymoma line induced in
BALB/c mice (4). All tumor cells other than LSTRA were
propagated in ER medium. LSTRA cells were propagated in
Dulbecco modified Eagle medium supplemented with 20%
fetal calf serum, 50 mM L-glutamine, gentamicin, penicillin,
and 5 x 10-' M 2-mercaptoethanol.

Treatments. For short-term experiments (Lck protein
analysis, gamma interferon mRNA determination), T-cell
clones were treated for 30 min with the following agents
(alone or in combination): concanavalin A (con A) (final
concentration, 25 jig/ml) (Pharmacia), phytohemagglutinin
(5 jig/ml) (Sigma Chemical Co.), ionomycin (in dimethyl
sulfoxide [DMSO]; final concentration, 2.5 ,uM) (Calbio-
chem-Behring), A23187 (in DMSO; final concentration, 2.5
R,M) (Calbiochem-Behring), dioctanoylglycerol (diC8) (in
DMSO; 100 ,uM) (Sigma), and 4 a-phorbol 12 ,-myristate
(PMA) (in ethanol; final concentration, 8 nM or 50 ng/ml)
(Sigma). The final concentrations (vol/vol) of ethanol and
DMSO were less than 0.1%. No detectable effects on lym-
phocyte function or p561ck were observed when ethanol or
DMSO alone was used. To examine the effect of antibodies
to the T-cell receptor complex, T-cells were incubated for 30
min on ice with culture supernatant from 145-2C11 hybrid-
oma cells recognizing a component of the epsilon subunit of
T3 (17) (kindly provided by Jonathan Ashwell, National
Institutes of Health). Cells were then washed with phos-
phate-buffered saline and incubated for 30 min at 37°C in ER
medium containing 10 ,ug of rabbit anti-hamster immuno-
globulin G (Organon Teknika) per ml. Control experiments
were conducted by using the hybridoma supernatant or the
cross-linking antibody alone. Similar experiments were con-
ducted by using a rat antibody against L3T4 (GK1.5 [34];
kindly provided by Sandra Bridges, National Institutes of
Health) by using rabbit anti-rat immunoglobulin G (Organon
Teknika) as the cross-linking second antibody.
For long-term stimulation experiments, the following

ranges of dose or concentration were used: con A, 0.2 to 25
,ug/ml; PMA, 0.4 to 50 ng/ml; A23187, 0.02 to 2.5 ,uM; IL-2,
1 to 1,000 U/ml.
Immunoblotting. Cells were lysed in a buffer containing

1% Nonidet P-40 (50 mM Tris [pH 8.0], 2 mM EDTA)
supplemented with the protease inhibitors leupeptin and
aprotinin (each at a concentration of 10 ,ug/ml), the phos-
photyrosyl phosphatase inhibitor sodium orthovanadate (100
,iM), and the serine phosphatase inhibitor sodium fluoride
(50 mM). These conditions were found to extract Lck
proteins as efficiently as radioimmune precipitation assay
buffer or sodium dodecyl sulfate (SDS) boiling (our pub-

lished data). Equivalent amounts of cellular lysates (20 ,ug)
were denatured in SDS-loading buffer and resolved on 8%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels.
The proteins were then transferred onto nitrocellulose, and
Lck detection and quantitation were performed as described
previously (31) by using a polyclonal rabbit antiserum gen-
erated against a synthetic peptide corresponding to residues
39 to 58 of the murine p56I1k sequence (22, 32).

Metabolic labeling and immunoprecipitation. Cells were
labeled for 4 to 18 h in phosphate-free RPMI 1640 containing
2% dialyzed fetal calf serum and supplemented with 1.0 mCi
of 32p; (Amersham Corp.; carrier free) per ml. Long periods
of labeling (18 h) were associated with a significant reduction
of cell viability, and in most experiments the labeling time
was limited to 4 h (our unpublished data). The cells were
then treated with the agents indicated above for 30 to 60 min
in the presence of radioactive label. The cells were subse-
quently washed in phosphate-buffered saline and lysed as
described above. The Lck proteins were immunoprecipi-
tated as previously described (31) and resolved on 8%
SDS-PAGE gels, and the labeled proteins were detected by
autoradiography.

Peptide mapping and phosphoamino acid analysis. Radio-
labeled proteins were electroeluted from the gel and precip-
itated with cold trichloroacetic acid. For tryptic peptide
mapping, the proteins were oxidized with performic acid and
exhaustively digested with tolylsulfonyl phenylalanyl chlo-
romethyl ketone (TPCK)-trypsin (Worthington Biochemi-
cals) (13), and the peptide fragments were resolved by
electrophoresis (1,000 V for 27 min) in a buffer containing 1%
ammonium carbonate (pH 8.9). The plates were dried, and
the second dimension analysis was conducted by ascending
chromatography (5 h) in a solution containing n-butanol (75
volumes), pyridine (50 volumes), acetic acid (15 volumes),
and water (60 volumes). The radioactive tryptic fragments
were localized by autoradiography. Cyanogen bromide
cleavage and phosphoamino acid analysis were performed as
described elsewhere (1, 13).
Immune complex kinase assays. Autophosphorylation and

exogenous substrate phosphorylation (casein, enolase) reac-
tions were performed as described previously (31).
Thymidine incorporation. Proliferation assays were per-

formed in 96-well plates with 2 x 104 resting cells per well in
a final volume of 200 ,ul. The cells were incubated in the
presence of the appropriate agent(s) for 60 to 72 h at 37°C
with 1 ,uCi of [3H]thymidine per well added during the last 16
h. Cells were lysed, harvested onto glass fiber filters,
washed, and counted for incorporated [3H]thymidine.

Determination of gamma interferon mRNA expression.
Cells were treated for 6 h with the regimens mentioned
previously. They were subsequently washed in phosphate-
buffered saline and lysed in guanidinium isothiocyanate, and
RNA was isolated by ultracentrifugation as described previ-
ously (6). Total cellular RNA (5 ,ug) was denatured and
separated on 1.1% agarose-2.2 M formaldehyde gels. Equal
loading of RNA was assessed by ethidium bromide staining.
Northern (RNA) blotting to nitrocellulose filter was per-
formed as described previously (8). The filter was subse-
quently hybridized to a synthetic end-labeled antisense
oligonucleotide corresponding to the first 51 coding nucleo-
tides of the murine gamma interferon cDNA sequence (11).
The hybridization and washing conditions used were as
described previously (8).
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FIG. 1. Expression of p56Ick in murine T-cells. Various murine
T-cell clones or lines were harvested, washed, and lysed in deter-
gent containing buffer. Equivalent amounts of denatured cellular
lysates (20 ,ug) were separated on 8% SDS-PAGE gels and analyzed
by Lck immunoblot as described in Materials and Methods. Lanes:
1, C8 clone (L3T4+); 2, B10 clone (L3T4+); 3, 1B6 clone (Lyt-2+);
4, RBL5; 5, FBL3; 6, YAC-1; 7, LSTRA. Exposure, 6 h. The
position of p561ck is indicated.

RESULTS

Expression of p56kk in murine T-lymphocytes. The results
of immunoblotting experiments analyzing the levels of p56Ick
expressed in a variety of normal and transformed murine
T-cell lines are shown in Fig. 1. An immunoreactive 56-
kilodalton (kDa) protein corresponding to the Ick gene
product was detectable in all cells examined. High levels of
p56lck could be observed in both L3T4+ (Fig. 1, lanes 1 and
2) and Lyt-2+ (lane 3) T-cell clones. These antigen-specific
T-cell clones retain most of the characteristics of normal
T-lymphocytes including IL-2 dependence and the ability to
be activated and to display a helper-inducer or cytotoxic-
suppressor phenotype (2, 12, 23). Lower levels of Lck
protein were observed in a variety of chemically and virally
transformed murine T-cell lines (Fig. 1, lanes 4 to 6). The
lower levels of p56lck seen in these immature T-cell lines are

consistent with the previous observation that T-cells ar-

rested at the early stages of thymic maturation express lower
levels of Ick transcripts (14). LSTRA cells (Fig. 1, lane 7)
were found to have the highest levels of Lck protein (ap-
proximately 5- to 10-fold higher than those seen in the
normal T-cell clones). This Moloney murine leukemia virus-
induced thymoma cell line is known to overexpress p56lck
because of altered transcriptional (22, 32) and translational
(21) controls. These results demonstrate that p56lck is abun-
dantly expressed in all cloned normal T-lymphocytes and, to
a lesser degree, in all the transformed T-cell lines we
examined.

Pattern of in vivo phosphorylation of p56lCk in normal
T-cells. To analyze the posttranslational regulatory events
involved in potentially controlling the activity of p56Ick in

normal T-cells, we evaluated the pattern of p56lck in vivo
phosphorylation by using three different antigen-specific
murine T-cell clones (C8, B10, and 1B6) (Fig. 2A). For these
experiments, resting lymphocytes were metabolically la-
beled for 4 h with 32Pi and the purified radiolabeled p56Ick
was analyzed by tryptic peptide mapping. Evaluation of

L3T4+ (C8 and B10; Fig. 2A, panels 1 and 2, respectively)
and Lyt-2+ (1B6; panel 3) clones revealed that p56lck is
phosphorylated in vivo on a single major phosphotyrosine-
containing tryptic fragment (peptide 2). This fragment is
different from the peptide containing the major site of in vitro
tyrosine phosphorylation (Y394, peptide 1) (Fig. 2B). Others
have shown that the tyrosine residue phosphorylated in
peptide 2 in vivo is Y-505 (19). Low levels of Y-394 phos-
phorylation (less than 5% of the extent of Y-505 phosphor-
ylation) were also occasionally observed (Fig. 2A, panel 3,
and data not shown). These results were independent of the
duration of metabolic labeling (4 h versus 18 h) and were not
significantly affected by the conditions used for cell lysis and
immunoprecipitation (data not shown). The general location
of the tyrosine phosphorylation sites to the carboxy terminus
were confirmed independently by cyanogen bromide cleav-
age of in vivo 32Pi-labeled p561ck (data not shown). In
addition to Y-505, the normal murine T-cells were found to
be variably phosphorylated on two other tryptic fragments
containing phosphoserine (peptides 5 and 6). These two
peptides were found to be derived from the amino-terminal
28-kDa Cl cyanogen bromide fragment (31) (data not
shown).
These results differed significantly from those obtained in

similar analyses of LSTRA cells. We found that the p56Ick
expressed in LSTRA cells is significantly phosphorylated on
Y-394 (peptide 1) in vivo (Fig. 2C). On the basis of tryptic
peptide analysis, the Y-394 occupancy in the LSTRA cells is
approximately 50% of that of Y-505. These results are in
agreement with those obtained previously by others using
antisera directed against the carboxy-terminal portion of the
molecule (3, 19). Coupled with the fact that the LSTRA cells
possess elevated levels of total cellular phosphotyrosine (4)
(a feature characteristic of cells transformed by viral tyro-
sine kinases), these data suggest that p56lck might have
participated in the oncogenesis of this thymoma cell line.

In summary, the p56Ick expressed in normal T-lympho-
cytes is phosphorylated in vivo principally on Y-505 with
little or no detectable phosphorylation of Y-394. By analogy
with pp60"csrc (7), these data suggest that the enzymatic
activity of the Ick gene product is repressed in the resting
T-cells.

Effect of activating signals on p56lsk. At least two early
signals are thought to be critical in T-cell activation: the
stimulation of PKC and an increase in intracellular calcium
(33). These signals are promptly induced upon the interac-
tion of T-lymphocytes with the appropriate antigen and
compatible antigen-presenting accessory cell. In contrast
with purified peripheral blood T-lymphocytes, significant
activation of normal T-cell clones can be obtained in vitro by
treatment with single classes of agents such as mitogenic
lectins (12). In addition, treatment with cross-linked antibod-
ies to selected T-cell surface proteins has been shown to
mimic interactions of both the antigen and antigen-pre-
senting cell with the appropriate surface recognition mole-
cules, thereby eliminating the requirement of antigen-pre-
senting cells in the activation assays (18, 24, 33). Thus,
because of the potential difficulties in analyzing Lck in
multiple cell populations if the T-cell activation assays were
conducted in the presence of accessory cells, we used these
alternative stimulatory modes with single agents to study the
alterations of the Ick gene product during activation in the
normal T-cell clones.
Exposure of the helper-inducer C8 cells to the mitogenic

lectin con A led to a significant degree of T-cell activation as
measured by increased [3H]thymidine incorporation and
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FIG. 2. Phosphorylation pattern of the p56/1k expressed in normal murine T-cell clones (tryptic peptide mapping). (A) In vivo
phosphorylation. Approximately 5 x 107 resting cells were labeled for 4 h in medium containing 1.0 mCi of 32Pi per ml. The cells were
subsequently washed and lysed in a buffer containing 1% Nonidet P-40. p56/ck was immunoprecipitated as described in Materials and Methods
an4 electroeluted from SDS-PAGE gels. The Lck proteins were oxidized and digested with trypsin according to protocol (13). The
phospholabeled tryptic fragments were subsequently separated on thin-layer chromatography plates as described in the text. The arrows
indicate the origin. Electrophoresis proceeded from right to left, and chromatography proceeded from bottom to top. Panels: 1, C8 cells; 2,
B10 cells; 3, 1B6 cells. Exposure, 5 to 7 days. (B) In vitro-phosphorylated p56lck. p56 was immunoprecipitated from LSTRA cells and reacted
in immune-complex kinase assays. After electrophoresis in SDS-PAGE gels, the Lck proteins were processed as described for Fig. 2A for
tryptic peptide mapping. Exposure, 12 h. (C) In vivo-labeled p56 from LSTRA cells. Exposure, 2 days. (D) Composite diagram of the major
tryptic peptides detected in p56Ick. Phosphoamino acid analysis was performed as described elsewhere (13). Y, Tyrosine; S, serine.

TABLE 1. Characterization of L3T4+ C8 T-cell clone

Treatment Thymidine uptakea Amt of gamma
interferon mRNAb

Control 1,087 + 10 0
Con A 45,061 3,326 ++
PMA 2,131 ± 213 0
Con A + PMA 43,801 ± 3,720 +++
A23187 784 ± 256 0
IL-2 58,618 ± 1,988 0

a Counts per minute (means plus or minus standard deviation) determined
in triplicate as described in Materials and Methods. The highest levels of
[3H]thymidine incorporation obtained for each treatment modality are indi-
cated here.

b The relative abundance of the reactive 1.3-kilobase mRNA species is
indicated (0, absent; + +, moderate; + + +, high).

induction of gamma interferon mRNA (Table 1). Within 30
min of con A treatment (Fig. 3, lane 2), we detected the
appearance of a modified form of the Lck protein migrating
at approximately 59 kDa (p59). Less prominent species of
the Lck protein migrating at approximately 62 and 68 kDa
could also be detected after a longer exposure of the auto-
radiogram (data not shown). Similar results were obtained
after treatment with another activating mitogenic lectin,
phytohemagglutinin (data not shown).

Interaction of specific antibodies with human T-cell recep-
tor determinants does not usually result in significant acti-
vation of clonal or purified T-cell populations. However,
cross-linking of the bound T-cell receptor antibodies by a
second antibody can lead to a significant increase in the
cytoplasmic calcium concentration, the activation of PKC,
and, if sustained, lymphokine production and T-cell prolif-
eration (18, 24, 33). To examine the correlation of these
parameters of T-cell activation with posttranslational alter-
ations in p56ck, we evaluated the effect of an antibody
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FIG. 3. Effect of various treatments on the Lck protein expressed in the C8 cells. C8 cells were treated as described in Materials and
Methods, washed in phosphate-buffered saline, and processed as described for Fig. 1. Immunoblot was performed as described above. Lanes:
1, control; 2, con A; 3, 145-2C11 antibody alone; 4, 145-2C11 antibody plus cross-linking antibody; 5, cross-linking antibody alone; 6, GK1.5
antibody alone; 7, GK1.5 antibody plus cross-linking antibody; 8, cross-linking antibody alone; 9, control; 10, PMA; 11, diC8; 12, con A plus
PMA; 13, A23187; 14, ionomycin; 15, IL-2; 16, dexamethasone. Exposure, 6 to 12 h. The positions of p56 and p59 are indicated by
arrowheads. Dots denote positions of p62 and p68.

against the T-cell receptor (145-2C11) on the p56Ick ex-
pressed in the C8 cells. Our results indicate that only
treatment with 145-2C11 antibody cross-linked with a second
antibody resulted in the appearance of p59 (Fig. 3, lane 4).
Exposure of the C8 cells to antibody GK1.5 directed against
another T-cell surface molecule (L3T4) either alone or with
a cross-linking antibody did not induce the Lck protein
mobility changes (Fig. 3, lanes 6 through 8). This is consis-
tent with the lack of activation reported after exposure of
T-cells to this antibody, even in the presence of a second-
step antibody (16, 28, 34; our unpublished observations).
Exposure to phorbol esters is usually not sufficient to

activate purified or cloned T-lymphocytes (12). However,
these compounds are known to cause a rapid activation of
PKC (for a review, see reference 25) and have been useful in
evaluating the potential participation of this signal transduc-
tion pathway in various cellular responses. Indeed, PMA did
not have any significant effect on the proliferative index or
the levels of lymphokine mRNA in the C8 cells (Table 1).
However, PMA was capable of inducing Lck protein alter-
ations similar (Fig. 3, lane 10) to those described after
treatment with activating lectins or antibodies to the T-cell
receptor (Fig. 3, lanes 2 and 4). Similar results were also
obtained after treatment with the synthetic analog of
diacylglycerol, diC8 (Fig. 3, lane 11).
We have previously shown that the phorbol ester-induced

alterations of the Lck protein occur independently of protein
synthesis (31), suggesting that the higher-molecular-weight
species observed in our assays are the result of posttransla-
tional modifications of p56 ck. Interestingly, the conversion
of p561Ck to the higher-molecular-weight species was more
efficient (nearly 80%) with PMA (Fig. 3, lane 10) and diC8
(Fig. 3, lahe 11) than with con A (Fig. 3, lane 2) or the
145-2C11 antibodies (Fig. 3, lane 4) (approximately 50 to
60%). The effects of con A and PMA on the Lck protein
expressed in C8 cells were not found to be additive (Fig. 3,
lane 12). Similar results were obtained when we examined
thymidine incorporation (Table 1). However, we found that
PMA somewhat potentiated the induction of gamma inter-
feron mRNA by con A.
No effects on the abundance or the electrophoretic mobil-

ity of p561Ck were observed after the addition of the calcium

ionophores A23187 (Fig. 3, lane 13) and ionomycin (Fig. 3,
lane 14), IL-2 (Fig. 3, lane 15), or dexamethasone (Fig. 3,
lane 16). We also found that A23187 did not induce any
significant increase in thymidine incorporation or interferon
mRNA (Table 1). Treatment of the C8 cells with IL-2
induced a marked elevation in thymidine incorporation with-
out alterations in the levels of lymphokine mRNA. This is
consistent with the fact that while IL-2 is a potent T-cell
mitogen it lacks the ability to induce T-cell activation (12;
also see above).
These data demonstrate that external stimuli which pos-

sess the ability to cause T-cell activation induce rapid
alterations of the Lck protein characterized by the appear-
ance of multiple species with altered electrophoretic mobil-
ities. Similar alterations can also be induced by direct
activators of PKC (PMA, diC8), suggesting that this pathway
(and/or a related pathway) is important in mediating these
modifications.

Analysis of Lck phosphorylation after exposure to T-cell
activating signals. Alterations in p56lck electrophoretic mo-
bility induced by mitogenic lectins, antibodies to the T-cell
receptor complex, and activators of PKC are associated with
marked elevation in the phosphate content of the Lck
proteins (Fig. 4A). These changes were found to be confined
to the Cl cyanogen bromide cleavage fragment, therefore
localizing them to the 28-kDa amino-terminal portion of the
molecule (data not shown).
As shown above, the most abundant p56lck tryptic phos-

phopeptide detected from resting C8 cells was the phos-
photyrosine-containing peptide 2 (Fig. 2A, panel 1). The p59
species generated after treatment with con A (Fig. 4B, panel
1), cross-linked anti-T3 antibodies (145-2C11) (panel 2), or
PMA (panel 3) contained several additional phosphopep-
tides. The results of these mapping studies revealed that a
major phosphopeptide (peptide 7) similar in intensity to
peptide 2 can be observed in all p59 molecules (Fig. 4B).
Another novel phosphopeptide was also observed (peptide
8), but the intensity of this phosphopeptide was found to be
highly variable. Additionally, several phosphorylated tryptic
fragments which could be detected only after prolonged
autoradiographic exposure of p56Ick tryptic digests from
untreated cells (Fig. 2A and data not shown) were found to
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FIG. 5. Tryptic peptide mapping of p561ca. Tryptic phosphopeptide analysis was performed as described for Fig. 4. (A) p56 remaining after
treatment with PMA (p56PMA); (B) p59 induced by PMA; (C) p56 after treatment with A23187. Exposure, 5 days.

be increased in relative intensity after these treatments
(peptides 4, 5, and 6). Similar results were obtained after
treatment of these cells with diC8 (data not shown).

Despite the fact that LSTRA cells cannot be activated, we
and others have found that treatment of these cells with
PMA (but not mitogenic lectins) can induce alterations in the
electrophoretic mobility of p56lck similar to those described
for normal T-cells (5; our unpublished data). Trypsin diges-
tion of 32Pi-labeled Lck proteins from LSTRA cells revealed
that the structure of the p59 generated in these cells (Fig. 4C,
panel 2) is closely related to that of the p59 from C8 cells
(Fig. 4B, panel 3). Noticeable differences were the presence
of peptide 3 in the LSTRA Lck maps, the absence of
phosphorylated peptide 8 in LSTRA Lck, and the apparent
decrease in occupancy of peptide 1 (Y394) after treatment of
LSTRA cells with PMA. Acid hydrolysis of the p59 tryptic
phosphopeptides generated from LSTRA cells revealed that
all the changes in phosphorylation detected were associated
with increases in phosphoserine content (Fig. 4D and data
not shown). We were unable to determine the phosphoamino
acid content of peptide 8 from C8 cells. Tryptic peptide
analysis of the two other altered forms of Lck protein (p62,
p68) revealed that they possess phosphopeptides similar to
those observed in p59 digests (data not shown). The reason
for their slower electrophoretic mobility remains unclear.
Phosphoamino acid analysis of the p56 remaining after

these treatments (named p56PMA) revealed that this species
also possesses increased amounts of phosphoserine com-
pared with the p56 from untreated cells (data not shown).
Exhaustive trypsin digestion of these phosphoproteins re-
vealed that they share most of the changes present in p59
(Fig. SA and B). Indeed, the increased phosphorylation of
peptide 6 (and, to a lesser extent, peptides 4 and 5) detected
in p56PMA (Fig. SA) is approximately the same as that
observed in p59 (Fig. SB). It is of additional interest that
calcium ionophores also caused an increase in amino-ter-

minal serine phosphorylation of Lck even though they did
not induce significant alterations in gel mobility (Fig. 3, lanes
10 and 11). Tryptic peptide mapping of the pS6lck isolated
after treatment of the C8 cells with A23187 (Fig. SC) re-
vealed that, like p56PMA, these molecules possess increased
phosphorylation of peptides 4, 5, and 6. The results of these
mapping studies therefore demonstrate that peptide 7 phos-
phorylation was found exclusively in digests of Lck proteins
demonstrating altered electrophoretic mobility. We were not
able to detect any significant alterations in the occupancy of
tyrosine residues 394 and 505 in C8 cells as a result of these
treatments.

Effect of activating signals on p56kk tyrosine kinase activity.
To determine whether the alterations in Lck phosphoryla-
tion had an effect on Lck tyrosine kinase activity, immune-
complex kinase assays were performed after treatment of the
C8 cells with the different regimens used previously. Al-
though we found that the degree of autophosphorylation of
the modified forms of Lck protein was somewhat less than
that of phosphorylation of p56lck, we could not detect any
alteration in the ability of the various Lck species to phos-
phorylate exogenous substrates such as enolase or casein
(data not shown).

DISCUSSION

There are currently eight genes that are considered mem-
bers of the src family of tyrosine protein kinases: c-src,
c-yesl, c-fgr, fyn, Ick, hck, lyn, and tkl (for a review, see
Cooper, in press). Three of these genes (c-src, c-yes), and
c-fgr) have been integrated and mutated within the genome
of transforming retroviruses. In each case, the mutated
cellular genes have been shown to be responsible for the
transforming potential of these viruses. Introduction of
mutations in the carboxy-terminal regulatory domain of two
additional members of the gene family (fyn and Ick) has also

FIG. 4. Effects of T-cell activating signals on the pattern of phosphorylation of the Ick gene product. (A) C8 cells were metabolically
labeled with 32Pi and subsequently treated with the agents indicated below. The Lck proteins were immunoprecipitated from 100 F±g of cell
lysate and resolved by electrophoresis in SDS-PAGE gel. Lanes: 1, control; 2, con A; 3, 145-2C11 antibodies plus second antibody; 4, PMA.
Exposure, 12 h. The positions of p56, p59, p62, and p68 are indicated. (B) Tryptic peptide mapping of the p59 generated after treatment with
con A (panel 1), 145-2C11 antibodies plus second antibody (panel 2), and PMA (panel 3). Exposure, 7 days. (C) Effect of PMA on the Lck
protein expressed in LSTRA cells (tryptic peptide mapping). Panel 1, Control p56; panel 2, p59 generated after treatment with PMA.
Exposure, 12 h. The arrow in panel 1 indicates a peptide fragment different from peptide 7 that is derived from the same cyanogen bromide
fragment (C3) as peptide 2 (containing Y-505). It is likely to result from partial oxidation or partial digest of peptide 2 (our unpublished data).
(D) Composite diagram of the tryptic phosphopeptides detected in p59. Y, Tyrosine; S, serine.
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been shown to confer oncogenic competence in fibroblasts
(13a, 19). Despite our increasing understanding of the trans-
forming potential of these mutated gene products, little is
known about the functions of their normal cellular homo-
logs.
Three of the src-related tyrosine kinases (c-src, c-yesl,

ftn) have been found to be expressed in all cell types tested
to date. Other members of this gene family have been shown
to be expressed in a restricted set of cellular lineages (Ick,
hck, c-fgr), suggesting that they might play important func-
tions in specialized cellular physiology (Cooper, in press).
We and others have found that the Ick gene is normally
expressed predominantly in cells of lymphoid lineage (22,
30). Studies of normal and transformed lymphoid cells have
demonstrated that the Ick gene is expressed in all T-cells (20,
30) and is equally abundant in both helper-inducer (L3T4+)
and cytotoxic-suppressor (Lyt-2+) cell lines (Fig. 1). Inter-
estingly, the results of our analysis show that the level of
p561ck detected in normal T-lymphocytes is generally higher
than that observed in transformed T-cells (Fig. 1). These
observations are consistent with the idea that the Lck
protein plays a fundamental role in normal T-cell functions.
Our evaluation of the Ick gene product expressed in

several normal murine T-cell clones revealed that p561ck is
predominantly phosphorylated in vivo on Y-505 (Fig. 2).
This residue is the equivalent of Y-527 of avian pp60csrc,
which has also been shown to be extensively phosphorylated
in vivo in a variety of cell types (7; for a review, see Cooper,
in press) and is felt to negatively regulate the enzymatic
activity of pp6Ocsrc. Mutation of pp6ocsrc Y-527 to phenyl-
alanine has been shown to generate c-Src molecules with
increased tyrosine kinase activity and oncogenic potential.
Similar data have been obtained by mutating Y-505 of p561ck
to phenylalanine (19). On the basis of these observations, it
is likely that the enzymatic activity of p561k can also be
regulated by the degree of phosphate occupancy of this
carboxy-terminal tyrosine residue. However, the actual stoi-
chiometry of Y-505 phosphorylation in normal T-cells re-
mains to be established.

After treatment of resting helper-inducer T-cells with the
mitogenic lectin con A or antibodies directed against the
invariant portion of the T-cell receptor complex (T3), ap-
proximately 50% of the Lck protein was converted into a
product migrating at 59 kDa on SDS-PAGE gels (Fig. 3).
This shift in mobility could also be induced by agents known
to activate PKC and related phospholipid-dependent protein
kinases (26) (Fig. 3), suggesting that one or more of these
signal transduction pathways is involved in the Lck alter-
ations. This possibility is further supported by the fact that
con A and cross-linked anti-T3 antibodies have been shown
to increase phosphatidyl inositol turnover and stimulation of
PKC in T-lymphocytes (18, 24, 29, 33). This alteration in Lck
electrophoretic mobility appears to be specific for activating
signals, since it was not observed after treatment with single
agents incapable of activating (as measured by increased
thymidine incorporation and induction of lymphokine
mRNA) these cells (e.g., calcium ionophores or antibodies
directed against L3T4/CD4).

Peptide mapping and phosphoamino-acid analysis re-
vealed that the p59 form of Lck possesses two major tryptic
phosphopeptides: peptide 2, which contains Y-505, and the
phosphoserine-containing peptide 7 (Fig. 4; data not shown).
Several other peptides of lesser intensity were also observed
after T-cell activation in both the residual p56 (p56PMA) and
p59 (peptides 4, 5, 6, and 8). Interestingly, treatment with the
calcium ionophore A23187 (Fig. SC) also resulted in an

increased phosphorylation of peptide 6 and, to a lesser
extent, peptides 4 and 5. Thus, the results of our experi-
ments indicate that the altered electrophoretic mobility of
Lck correlates best with the presence of a single phospho-
serine-containing amino-terminal tryptic peptide, peptide 7.
While we believe that this phosphopeptide results from a
novel phosphorylation event, it is possible that tryptic pep-
tide 7 in fact corresponds to a region containing a previously
existent phosphorylation site that has acquired an additional
posttranslational modification altering its migration during
electrophoresis and/or chromatography. However, since
none of the tryptic phosphopeptides detected in digests of
p56PMA appeared diminished in p59 (Fig. 4B, panel 3, and
Fig. SA), this possibility seems unlikely.
The results of these experiments suggest that during T-cell

activation at least two serine protein kinase systems are
involved in the alterations of the Ick gene product. The first
pathway would involve a calcium-dependent process which
induces predominantly the phosphorylation of peptide 6 (but
not peptide 7). The second pathway presumably involves the
activation of phospholipid-dependent protein kinases, re-
sults in the phosphorylation of peptide 7, and correlates with
the appearance of p59 on SDS-PAGE gels. The ability of
PMA and diC8 to induce phosphorylation of both peptide 6
and peptide 7 indicates that the two pathways suggested
above do not represent mutually exclusive reaction series.
This is supported by the fact that phorbol esters can directly
activate both calcium-dependent and calcium-independent
phospholipid-dependent kinases (26). Interestingly, T-cell
activating signals (mitogenic lectins, anti-T3 antibodies) ap-
pear to stimulate both putative pathways, an observation
consistent with the fact that phosphatidyl inositol turnover is
stimulated by these agents (29, 33).
The alterations of p56Ick during T-cell activation do not

appear to result in any significant modification of its enzy-
matic activity as measured in in vitro assays, although these
assays are not necessarily predictive of changes occurring in
vivo. It is clearly possible that such alterations lead to
changes in Lck substrate interactions. Indeed, the amino-
terminal portion of the Src-related tyrosine kinases, partic-
ularly the nonconserved region of these proteins (approxi-
mately the first 70 amino acids), is considered critical for
such interactions.

In summary, our data are consistent with the concept that
p56Ick or a posttranslationally modified form of this protein
may play a critical role in the early signal transduction
events during T-cell activation. The determination of the
exact role of p56lck in this process and the nature of the
cellular kinases responsible for its modification necessitates
further evaluation.
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