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Mutation of the major site of in vivo tyrosine phosphorylation of p56"* (tyrosine 505) to a phenylalanine
constitutively enhances the p56“*-associated tyrosine-specific protein kinase activity. The mutant polypeptide
is extensively phosphorylated in vivo at the site of in vitro Lck autophosphorylation (tyrosine 394) and is
capable of oncogenic transformation of rodent fibroblasts. These observations have suggested that phosphor-
ylation at Tyr-505 down regulates the tyrosine protein kinase activity of p56'*. Herein we have attempted to
examine whether other posttranslational modifications may be involved in regulation of the enzymatic function
of p56'*. The results indicated that activation of p56* by mutation of Tyr-505 was prevented by a
tyrosine-to-phenylalanine substitution at position 394. Furthermore, activation of p56* by mutation of the
carboxy-terminal tyrosine residue was rendered less efficient by substituting an alanine residue for the
amino-terminal glycine. This second mutation prevented p56* myristylation and stable membrane association
and was associated with decreased in vivo phosphorylation at Tyr-394. Taken together, these findings imply
that lack of phosphorylation at Tyr-505 may be insufficient for enhancement of the p56'*-associated tyrosine
protein Kinase activity. Our data suggest that activation of p56“* may be dependent on phosphorylation at

Tyr-394 and that this process may be facilitated by myristylation, membrane association, or both.

The Src family of tyrosine-specific protein kinases com-
prises eight well-characterized members named c-Src,
c-Yes, Fyn, c-Fgr, Lck, Hck, Lyn, and Blk (for a review,
see reference 31) (9). Increasing evidence indicates that the
tyrosine protein kinase activity of the prototype of the Src
family, p60°", is primarily regulated through phosphoryla-
tion. In NIH 3T3 fibroblasts, the c-src gene product is
extensively phosphorylated in vivo at the carboxy-terminal
tyrosine residue 527 (6), most likely by a cellular tyrosine
protein kinase different from p60°"< (14). Mutational substi-
tution of Tyr-527 by other amino acid residues results in
activation of p60°*"° and uncovers its oncogenic potential in
rodent and avian fibroblasts (5, 12, 17, 27). Furthermore, in
vitro dephosphorylation of Tyr-527 by potato acid phos-
phatase has been shown to significantly elevate the p60° -
associated tyrosine kinase activity (7). Taken together, these
findings suggest that phosphorylation at Tyr-527 negatively
regulates the tyrosine kinase activity of p60°“ and that in
vivo dephosphorylation of this site may result in partial
p60°*"¢ activation.

The major site of in vitro autophosphorylation of p60°™
(Tyr-416) is not normally phosphorylated in vivo (6). How-
ever, activated versions of p60*"“ have been found to be
extensively phosphorylated at this site (5, 12, 17, 27).
Occupancy of this residue may play a role in the full
activation of some Src mutants, as replacement of Tyr-416
by other amino acid residues partially reduces the elevated
tyrosine kinase activity and oncogenic potential of the Tyr-
527-to-Phe-527 p60°’c variant (17, 27).

Because of cotranslational myristylation of a conserved
amino-terminal glycine residue, p60°" stably associates with
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plasma membranes (for a review, see reference 13). Trans-
formation by activated versions of p60*"“ is abolished by
substitution of Gly-2 by an alanine or a glutamic acid residue
(15, 28). These mutations prevent p60*"“ myristylation and
stable membrane association. Interestingly, it has been
repeatedly demonstrated that lack of myristylation and
membrane association does not alter the tyrosine kinase
function of activated Src mutants (8, 15, 28). This likely
indicates that the lack of oncogenic potential of myristyla-
tion-defective Src mutants relates primarily to their inability
to phosphorylate critical membrane-associated substrates.
p56'* is a Src-related tyrosine protein kinase found to be
expressed exclusively (within normal cell populations) in
cells of lymphoid lineage, most predominantly in T lympho-
cytes (24, 35). In T cells, part of the p56'°* function seems to
be the transduction of intracellular tyrosine phosphorylation
signals for the CD4 and CD8 surface antigens, with which
p56'* has been shown to be physically associated (for a
review, see reference 3). Like p60°", p56'** is myristylated
and membrane associated (21, 39), although the site of
myristylation has not been directly defined. In addition,
p56/* is extensively phosphorylated in vivo at a carboxy-
terminal tyrosine residue (Tyr-505) (2, 22, 32, 36, 37). While
the exact stoichiometry of Tyr-505 occupancy remains to be
established, mutation of this residue to a phenylalanine
results in a constitutively activated form of p56'* (2, 22).
This mutant p56'* is significantly phosphorylated in vivo at
the site of Lck autophosphorylation (Tyr-394) and is capable
of oncogenic transformation of NIH 3T3 cells (2, 22). These
findings indicate that the enzymatic function of p56'* is
likely to be negatively regulated by Tyr-505 phosphoryla-
tion. Further evidence for such function is provided by the
observation that the carboxy-terminal sequence of p56'* can
efficiently down regulate the activity of a juxtaposed p60*
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tyrosine kinase (20). However, in contrast with p60°, in
vitro dephosphorylation of p56'“* by potato acid phosphatase
does not result in p56'° activation (R. Louie and J. Cooper,
unpublished results). This finding raises the possibility that
the regulation of these two related products may differ. In
this study, we have asked whether other known posttrans-
lational modifications may participate in the regulation of the
enzymatic activity of pS56'°*. Our data suggest that, in
addition to dephosphorylation of Tyr-505, phosphorylation
at Tyr-394 may be required for enhancing the p56'“*-associ-
ated tyrosine kinase activity. Furthermore, they raise the
possibility that activation of p56'* may be facilitated by
myristylation, membrane association, or both.

MATERIALS AND METHODS

Cells. NIH 3T3 fibroblasts, Rat-1 fibroblasts, and their
derivatives were grown in alpha minimal essential medium
(MEM) (30) supplemented with 10% fetal calf serum
(GIBCO Laboratories), penicillin, and streptomycin.

Site-directed mutagenesis. To generate mutant Ick cDNAs,
the EcoRI fragment of the murine Ick cDNA NT18 (24;
kindly provided by Roger Perlmutter, Seattle, Washington)
was cloned in the EcoRlI site of M13mp18. All single mutants
were generated by site-directed mutagenesis according to
Kunkel (19), using uracil-rich single-stranded M13 template
and the following 17-mer oligonucleotides: Gly-2-to-Ala-2
mutant AGACACAGGCCATGATC, Tyr-394-to-Phe-394
mutant GGGCCGTGAACTCATTG, and Tyr-505-to-Phe-
505 mutant GGGGCTGGAACTGGCCC. Positive mutants
were identified by sequencing. The full-length mutant Ick
cDNAs were subsequently resequenced and found to con-
tain no additional mutations when compared with the se-
quence published by Marth et al. (24) other than the changes
already noted by these authors (23) and a uniform single
nucleotide substitution at codon 433 (ATT replaced by
ATC), which does not result in an amino acid change (data
not shown). After identification of single-point mutants, the
EcoRlI Ick fragments were isolated from double-stranded
M13 DNA and cloned in the same site of pGEM3. For
generation of double-point mutants, chimeric cDNAs were
constructed by replacing the 5’ HindIII-PAMI fragment of
the F505 Ick cDNA with that of either the A2 or the F394 Ick
cDNA. The full-length double-mutant cDNAs were also
resequenced and found to contain no modification other than
the ones stated above (data not shown).

Construction and generation of recombinant retroviruses.
For expression of wild-type p56/* and p56'* variants, the
Stul fragments of the Ick cDNAs were cloned in the Hpal
site of the retroviral vector pLXSN (24; kindly provided by
D. Miller, Fred Hutchinson Cancer Research Center, Seat-
tle, Wash.) as described previously (A. Veillette and M.
Fournel, Oncogene, in press). This vector contains the
neomycin resistance gene (Tn5). For production of retrovi-
rus stocks, retroviral expression constructs were transfected
by calcium phosphate precipitation (4) in §-2 packaging cells
(provided by Philippe Gros, McGill University). Polyclonal
virus-producing cell lines were established by growth in the
presence of G418 (500 pwg/ml; GIBCO).

Gene transfer. Retroviral infection of NIH 3T3 or Rat-1
cells was performed as described previously (1). Polyclonal
as well as monoclonal cell lines were selected for growth in
250 pg of G418 per ml.

Transformation assays. To examine focus formation, ei-
ther 10° or 10* Lck-expressing NIH 3T3 fibroblasts were
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mixed with 10° neomycin-resistant NIH 3T3 cells and plated
in six-well Costar plates in the presence of 250 pg of G418
per ml. Foci were counted 10 days later. For growth in soft
agar, 2 X 10* cells were plated in semisolid medium as
described previously (10). Fresh G418-containing medium
was added every 4 days, and colonies were counted after 10
and 21 days.

Antiphosphotyrosine immunoblotting. Cells in monolayers
were lysed directly in boiling sample buffer. After treatment
according to a previously published protocol (16), lysates
corresponding to equal numbers of cells were resolved on
8% sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) gels and transferred onto nitrocellulose.
Antiphosphotyrosine immunoblotting was performed as de-
scribed previously (32, 38), using either a polyclonal rabbit
antiphosphotyrosine antiserum (18; kindly provided by Tony
Pawson, Toronto, Canada) or the antiphosphotyrosine
monoclonal antibody PY-20 (11; purchased from ICN Immu-
nobiologicals) with 1>5I-labeled protein A (Amersham Corp.)
and *I-labeled sheep anti-mouse immunoglobulin G (Am-
ersham), respectively, as second-step reagents. Phosphoty-
rosine-containing proteins were detected by autoradiogra-
phy. The presence of equivalent amounts of proteins in each
lane was confirmed by amido black staining of nitrocellulose
filters (data not shown). The specificity of the antiphospho-
tyrosine antibodies used for phosphotyrosine has previously
been established (11, 18).

Metabolic labeling and peptide mapping studies. For 3P,
labeling, cells were incubated for 4 hours in phosphate-free
Dulbecco MEM supplemented with 1.0 mCi of 2P, (carrier
free; Dupont, NEN Research Products) per ml and 2%
dialyzed fetal calf serum. After a wash in phosphate-buffered
saline, cells were immediately lysed in boiling 2% SDS-TNE
buffer (TNE is 50 mM Tris [pH 8.0], 1% Nonidet P-40; and
2 mM EDTA [pH 8.0]). The samples were boiled for an
additional 5 min, passed through no. 25 needles, and then
diluted in 4 volumes of TNE buffer containing 200 pM
sodium orthovanadate, S0 mM sodium fluoride, and 10 pg
each of leupeptin, aprotinin, N-tosyl-L-phenylalanine chlo-
romethyl ketone, N-p-tosyl-L-lysine chloromethyl ketone,
and phenylmethylsulfonyl fluoride per ml. p56'* was recov-
ered by immunoprecipitation using a specific rabbit anti-Lck
antiserum (33, 36) and resolved on 8% SDS-PAGE gels. The
phosphorylated products were detected by autoradiography
of dried gels. Cyanogen bromide cleavage of phospholabeled
p56'* was performed as described elsewhere (32, 36).

For [*H]myristic acid labeling, cells were incubated for 4 h
in the presence of 0.5 mCi of [*H]myristic acid (Dupont,
NEN) per ml in serum-free alpha MEM. Labeling with [**S]
methionine and [>*S]cysteine was accomplished by incubat-
ing parallel cultures in methionine-cysteine-free Dulbecco
MEM supplemented with 0.5 mCi of Trans-label (a mixture
of [**SImethionine and [>*S]cysteine; ICN) per ml. After the
labeling period, cells were washed with phosphate-buffered
saline and lysed in TNE buffer supplemented with protease
and phosphatase inhibitors as described above. p56'°* was
recovered from cell lysates by immunoprecipitation (33, 36)
and resolved on 8% SDS-PAGE gels. Gels were treated with
En>*Hance (Dupont, NEN) and dried, and the radiolabeled
products were detected by fluorography.

Immune complex kinase assays and Lck immunoblot. Im-
mune complex kinase reactions and Lck immunoblot were
performed as described elsewhere (33, 34, 38; Veillette and
Fournel, Oncogene, in press). Under the conditions used,
the kinase reactions were linear for up to 4 min (data not
shown).
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Subcellular fractionation. Cells were swelled by incubation
for 15 min on ice in hypotonic buffer (10 mM Tris [pH 7.4],
1 mM MgCl,) supplemented with protease and phosphatase
inhibitors. Membranes were then mechanically broken by 25
strokes in a tight-fitting Dounce homogenizer. Homogenates
were adjusted to a final concentration of 0.15 M NaCl.
Postnuclear lysates were separated by ultracentrifugation at
100,000 X g for 30 min into a particulate fraction (P100) and
a cytosolic fraction (S100). After rinsing of the P100 pellet
with phosphate-buffered saline, the fractions were adjusted
to TNE buffer containing 0.1% SDS and boiled. Particulate
material was removed by centrifugation for S min at 10,000 X
g in an Eppendorf microfuge. p56* was recovered by
immunoprecipitation from lysates corresponding to equiva-
lent numbers of cells and quantitated by Lck immunoblot.
Using this fractionation procedure, lactate dehydrogenase
activity (a cytosolic marker) was detected exclusively in the
S100 fraction, whereas 5’ nucleotidase activity (a plasma
membrane marker) was found predominantly (over 75%) in
the P100 fraction (assayed with Sigma Diagnostics kits 675
and 500; data not shown).

RESULTS

Site-directed mutagenesis. Through oligonucleotide-di-
rected mutagenesis of the murine Ick cDNA NT18 (24), the
following p56'* single-point mutants were engineered: F394,
in which the autophosphorylation site Tyr-394 was substi-
tuted by a phenylalanine residue; A2, in which the putative
site of myristylation of p56'* (Gly-2) was replaced by an
alanine residue; and F505, in which Tyr-505 was mutated to
a phenylalanine. By using standard recombinant DNA tech-
nology, double mutants carrying the F505 mutation with
either the F394 substitution (F394F505 Lck mutant) or the
A2 mutation (A2F505 Lck mutant) were created. All cDNAs
were completely resequenced and found to contain no
additional alterations (see Materials and Methods; data not
shown).

Expression and biological effects of mutant Ick ¢cDNAs in
NIH 3T3 fibroblasts. Wild-type, F505, F394F505, and
A2F505 Ick cDNAs were cloned in the retroviral expression
vector pLXSN, and retrovirus stocks were generated by
transfection in -2 packaging cells. Packaging cells express-
ing the neomycin resistance gene alone were also generated
by transfection with pLXSN. After infection of NIH 3T3
fibroblasts with the appropriate retrovirus stocks, polyclonal
cell lines were selected by growth in medium containing the
aminoglycoside G418. Monoclonal cell lines were also estab-
lished by clonal expansion of antibiotic-resistant cells.

To quantitate levels of p56'°* expression, equivalent num-
bers of cells from polyclonal lines were lysed in boiling
sample buffer, and lysates were resolved on 8% SDS-PAGE
gels. After transfer onto nitrocellulose membranes, the
expression of p56'“* was measured in an immunoblot assay,
using a high-affinity rabbit anti-Lck antiserum and *°I-
labeled protein A (Fig. 1A). Whereas NIH 3T3 fibroblasts
expressing neomycin phosphotransferase alone did not
express p56'* (Fig. 1A, lane 1), all cells infected with
Lck-encoding retroviruses expressed a 56-kilodalton (kDa)
immunoreactive product consistent with p56’** (lanes 2 to 5).
The levels of the various forms of p56** did not differ by
more than twofold (data not shown). The electrophoretic
mobility of the A2F505 Lck protein (lane 5) was slightly
slower than that of the other p56/* polypeptides (lanes 2 to
4). Although the exact basis of this finding remains un-
defined, we have ruled out the possibility that it is conse-
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quent to additional alterations in the Ick cDNA (data not
shown).

The biological effects of expression of these mutants were
next examined (Fig. 1B). As previously reported by Marth et
al. (22) as well as by Amrein and Sefton (2), expression of the
F505 Lck mutant resulted in morphological transformation
of NIH 3T3 cells. The cells acquired a typical refractile
appearance with spindle-shaped morphology and developed
multiple neuronal-like processes (Fig. 1B, panel 3). In con-
trast, cells expressing wild-type (panel 2), F394F505 (panel
4), or A2F505 (panel 5) p56'* had morphologies that were
indistinguishable from that of NIH 3T3 fibroblasts express-
ing the neomycin resistance marker alone (panel 1). Similar
observations were made with multiple monoclonal cell lines
expressing each of the Lck mutants (data not shown). The
fibroblast lines were also tested for their ability to form foci
on monolayers. F505 Lck-expressing fibroblasts developed
easily identifiable foci with a swirl-like appearance at an
average frequency of 9.4% (range from four separate assays,
4.7 to 20%). None of the other cell lines gave rise to
identifiable foci (data not shown). Finally, cells were evalu-
ated for their growth potential in semisolid medium. Four
separate assays revealed that an average of 0.8% (range, 0.31
to 1.7%) of F505 Lck-expressing fibroblasts formed colonies
in soft agar. None of the other fibroblast lines were capable
of detectable growth in this medium (data not shown). Taken
together, these data indicated that the oncogenic potential of
the F505 p56/° mutant was abolished by additional muta-
tions of either the known site of Lck autophosphorylation
(F394 mutation) or the predicted site of Lck myristylation
(A2 mutation).

Analyses of the tyrosine protein kinase activity of the
F394F505 Lck mutant. To confirm the mutational substitu-
tion of Tyr-394, fibroblasts expressing approximately equiv-
alent amounts of wild-type, F505, or F394F505 p56'* were
metabolically labeled for 4 h in the presence of 1.0 mCi of
32p. per ml. Cells were then lysed in boiling SDS buffer, and
the Lck polypeptides were recovered by immunoprecipita-
tion. After separation by SDS-PAGE, peptide mapping
studies were conducted by cleavage of eluted phosphola-
beled p56'* with cyanogen bromide. The reaction products
were separated on 20% SDS-PAGE gels and detected by
autoradiography (Fig. 2). As previously reported (32, 36),
the wild-type Lck protein (Fig. 2, lane 1) was phosphory-
lated on the 28-kDa C1 fragment (which contains the sites of
amino-terminal serine phosphorylation) and on the 4-kDa C3
peptide (which contains the major site of in vivo tyrosine
phosphorylation, Tyr-505). The F505 Lck mutant (lane 2)
demonstrated significant C1 peptide phosphorylation (on
both serine and tyrosine residues; data not shown) and
phosphorylation of a series of fragments between 10 and 14
kDa corresponding to the Tyr-394-containing C2 peptides
and, as predicted, lacked phosphorylation of the carboxy-
terminal C3 fragment. The F394F505 Lck mutant (lane 3)
was phosphorylated on its amino-terminal C1 fragment but
had no detectable phosphorylation of the C2 and C3 pep-
tides, consistent with the alterations of Tyr-394 and Tyr-505
in this mutant. The peptides generated by cleavage of in vitro
autophosphorylated wild-type p56'* are also shown as C2
peptide markers (lane 4).

To evaluate the basis for the lack of transforming potential
of the F394F505 Lck mutant, the effects of expression of this
product on cellular phosphotyrosine levels were examined
by antiphosphotyrosine immunoblotting (Fig. 3A). Poly-
clonal as well as monoclonal F394F505 Lck-expressing cell
lines (Fig. 3A, lanes 9 to 11) were compared with cells
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FIG. 1. Expression and effects of wild-type and variant p56'* in NIH 3T3 fibroblasts. (A) Lck immunoblot. NIH 3T3 fibroblasts were
infected with retroviruses encoding wild-type and variant p56'°* molecules as described in Materials and Methods. Polyclonal cell lines were
established by growth in medium containing the aminoglycoside G418. Expression of p56'** was assayed by Lck-specific immunoblot of total
cell lysates. Lanes: 1, neomycin phosphotransferase (Neo) control; 2, wild-type (WT) p56'%; 3, F505 p56'**; 4, F394F505 pS6'*; 5, A2F505
p56/°*. The position of p56/°* is indicated. Exposure time, 24 h. (B) Morphology of p56'*-expressing NIH 3T3 fibroblasts. Polyclonal cell lines
expressing wild-type and variant p56'* molecules were examined by light microscopy. Panels: 1, neomycin phosphotransferase control; 2,
wild-type p56/°%; 3, FS05 p56'%; 4, F394F505 p56/*; 5, A2F505 p56/*. Magnification, x112.

expressing either the neomycin marker alone (lane 1), wild-
type p56'°* (lanes 2 to 4), or the F505 Lck mutant (lanes S to
8). A parallel Lck immunoblot was performed to quantitate
the abundance of p56“* in each cell line (Fig. 3B). This assay
indicated that the ranges of p56'°* expression in the various
sets of cell lines were overlapping. As previously reported
by Amrein and Sefton (2), cells expressing F505 p56'** (lanes
5 to 8) contained significantly elevated levels of phosphoty-
rosine-containing proteins. In contrast, those expressing the
F394F505 Lck mutant (Fig. 3A, lanes 9 to 11) had levels of
protein tyrosine phosphorylation comparable to the low
levels detected in cells expressing the neomycin resistance
marker alone (lane 1) or wild-type p56'* (lanes 2 to 4),
although one cell line (lane 11) demonstrated increased
detectability of products migrating at approximately 65 and
80 kDa. Strikingly, the prominent 36-kDa immunoreactive
product detected in cells expressing the F505 Lck mutant

(most likely calpactin I [2]) was not present in F394F505
Lck-expressing cells.

To further examine the effects of mutational substitution
of Tyr-394 on the function of the F505 p56/°* mutant, the
tyrosine protein kinase activities of F394F505 and F505
p56'* were compared in immune complex Kinase assays.
Representative polyclonal and monoclonal cell populations
were lysed in Nonidet P-40-containing buffer, and the Lck
polypeptides were recovered by immunoprecipitation. The
pS6'°*-associated tyrosine kinase activity was measured un-
der linear assay conditions in immune complex kinase reac-
tions using rabbit muscle enolase as an exogenous substrate
(Fig. 4A). The amount of p56“* in these immunoprecipitates
was quantitated by parallel Lck immunoblot (Fig. 4B).
Specific tyrosine protein kinase activity was calculated as
the ratio of relative enolase phosphorylation over relative
p56'* abundance (data not shown). A representative exper-



VoL. 10, 1990
A 38
n
= TE
o
- wn ) =
= iWoAES
1 2 3::-4
=43
Cli» . . . -26
-18.3
=143
C2»
=062
C3»
B X 1}94 ‘?05
N v AA Ahd Z
o c1 : ok c2 l c3

= Glck

FIG. 2. (A) Cyanogen bromide cleavage analyses. In vivo phos-
pholabeled Lck polypeptides were electroeluted from gel slices and
subjected to cyanogen bromide fragmentation. The products of this
reaction were resolved on 20% SDS-PAGE gels. Lanes: 1, wild-type
(wt) pS6/°%; 2, FS05 p56'*; 3, F394F505 pS56'*; 4, in vitro autophos-
phorylated wild-type p56'*. The C1, C2, and C3 cyanogen bromide
fragments are indicated. The positions of prestained molecular mass
markers are shown on the right. Exposure time, 48 h. (B) Schematic
diagram of the predicted cyanogen bromide cleavage sites (arrow-
heads). C1 corresponds to the phosphoserine-containing amino-
terminal portion of the molecule; C2 and C3 contain the major sites
of in vitro (Tyr-394) and in vivo (Tyr-505) tyrosine phosphorylation,
respectively (32, 36). The specific serine residue(s) phosphorylated
within fragment C1 has not been identified and is therefore indicated
as X.

iment (Fig. 4A) revealed that the specific activity of
F394F505 Lck (lanes 4 to 6) was approximately 3.5-fold less
than that of F505 Lck (lanes 1 to 3). Taken together, using in
vivo and in vitro assays, the data presented above indicated
that the enhanced enzymatic activity of the F505 p56'c*
mutant was significantly reduced by mutating Tyr-394 to a
phenylalanine residue.

The A2F505 Lck mutant is not myristylated and lacks
detectable association with cellular membranes. Previous
studies have shown that p56'°* is membrane associated and
contains covalently bound myristic acid (21, 39). On the
basis of sequence homology with p60°"°, it appeared likely
that the amino-terminal glycine (Gly-2) represented the site
of p56'°* myristylation. To evaluate the effects of mutating
Gly-2 to an alanine (A2 mutation) on myristylation, A2F505
and F505 Lck-expressing fibroblasts were metabolically la-
beled with either [*H]myristic acid or a mixture of [>°S]

ACTIVATION OF p56/* 5201
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FIG. 3. Antiphosphotyrosine immunoblot. Cells were lysed di-
rectly in boiling sample buffer. Lysates from equivalent numbers of
cells were analysed by antiphosphotyrosine (anti-Ptyr.) immuno-
blotting using a polyclonal rabbit antiphosphotyrosine antiserum
and ®I-labeled protein A as described in Materials and Methods
(A). A parallel Lck immunoblot was performed on these lysates to
determine levels of Lck expression (B). Both polyclonal and mono-
clonal Lck-expressing cell lines were analyzed in these assays. The
first lane of each set (lanes 1, 2, 5, and 9) represents a polyclonal cell
population; the remaining lanes are representative monoclonal cell
lines. Lanes: 1, neomycin phosphotransferase (N) control; 2 to 4,
wild-type (wt) p56'%; 5 to 8, FS05 p56'°%; 9 to 11, F394F505 p56'°~.
The positions of p56'* as well as the putative 36-kDa calpactin I
(p36) are indicated. The positions of prestained molecular mass
markers are shown on the right. Exposure times: (A) 6 h; (B) 7 days.

methionine and [**S]cysteine (Trans-label). After lysing in
detergent-containing buffer, p56'°* was recovered by immu-
noprecipitation and resolved on 8% SDS-PAGE gels. The
labeled p56'* polypeptides were detected by fluorography
(Fig. 5A and C). Serial dilutions of F505 Lck-expressing
fibroblast lysates were assayed to facilitate our analysis
(lanes 2 to 5). By comparing dilutions containing equivalent
amounts of newly synthesized 3*S-labeled p56“* quantitated
by densitometry (Fig. SA; lane 1 for A2F505 Lck and lane
4 for F505 Lck), we determined that only FS505 p56'%
detectably incorporated [*H]myristic acid (Fig. 5C, lane 4).
This result indicated that A2F505 p56'* was not myristy-
lated.

To evaluate whether lack of muyristylation resulted in
altered p56'* cellular localization, cell fractionation experi-
ments were conducted. Cells expressing wild-type, F505,
and A2F505 p56“* were mechanically lysed in hypotonic
buffer, and postnuclear lysates were separated into particu-
late (P100) and cytosolic (S100) fractions by high-speed
centrifugation. The abundance of p56* in each fraction was
measured by immunoblot of anti-L.ck immunoprecipitates
(Fig. 5B). In several experiments including the one depicted
in Fig. 5B, we found that between 60 and 70% of wild-type
(lane 1) and FS05 (lane 3) p56* was present in the P100
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FIG. 4. Immune complex kinase assay. After lysis in Nonidet
P-40-containing buffer, p56'* polypeptides were recovered by im-
munoprecipitation. Immune complex kinase reactions were per-
formed in the presence of the exogenous substrate rabbit muscle
enolase. The reactions were terminated after 2 min by the addition
of sample buffer, and the products were resolved on 8% SDS-PAGE
gels (A). A p56'* immunoblot was performed on parallel immuno-
precipitates to determine levels of Lck expression (B). The first lane
of each set of cell lines (lanes 1 and 4) represents a polyclonal cell
population; the remaining lanes are representative monoclonal cell
lines. Lanes: 1 to 3, FS05 p56'*; 4 to 6, F394F505 p56'**. The
positions of p56/* and enolase are shown. The positions of pres-
tained molecular mass markers are indicated on the right. Exposure
times: (A) 12 h; (B) 48 h.

A
8
0 3
N n
< w
Y38 & 5
p56!CKn - s
c
p56/Ck, - a» °H

MoL. CELL. BioL.

fraction, demonstrating that these two products stably asso-
ciated with cellular membranes. In contrast, nearly 100% of
myristylation-defective A2F505 p56'* (lane 6) was detected
in the S100 fraction, a finding indicating the lack of stable
association of this mutant protein with cellular membranes.

Analyses of the protein tyrosine kinase activity of the
A2F505 Lck mutant. In an attempt to define the basis for the
inability of A2F505 p56' to transform NIH 3T3 cells, the
abundance of phosphotyrosine-containing proteins in cells
expressing this mutant was evaluated by antiphosphoty-
rosine immunoblot (Fig. 6). When compared with cells
expressing the neomycin marker alone (Fig. 6, lane 1) or
wild-type pS6'* (lanes 2 to 4), no significant increase in
phosphotyrosine-containing proteins was detected in a poly-
clonal A2F505 p56/““-expressing cell line (lane 8). However,
two monoclonal cell lines expressing higher levels of A2F505
Lck protein (lanes 9 and 10) had detectably increased protein
tyrosine phosphorylation, although the extent of this in-
crease was significantly less than that noted in cells express-
ing equivalent amounts of F505 p56'“* (lanes 5 and 6). Similar
results were obtained in assays using another antiphospho-
tyrosine monoclonal antibody (PY-20; 11) (data not shown).

Interestingly, the antiphosphotyrosine immunoblot assay
shown in Fig. 6 indicated that the 56-kDa product consistent
with p56/* contained significantly less phosphotyrosine in
A2F505 (lanes 8 to 10) than in F505 (lanes 5 to 7) p56/°*-
expressing cells. To directly evaluate the state of in vivo
phosphorylation of the A2F505 Lck mutant, cells expressing
equivalent amounts of either F505 or A2F505 pS56'* were
metabolically labeled with 3?P; and lysed in boiling SDS
buffer, and Lck polypeptides were recovered by immuno-
precipitation. Phospholabeled products were resolved on 8%
SDS-PAGE gels and detected by autoradiography (Fig. 7A).
The results of this experiment indicated that the overall
phosphorylation of the A2F505 Lck protein (Fig. 7A, lane 2)
was significantly less than that of the FS05 Lck mutant (lane
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FIG. 5. Myristylation and subcellular localization studies. (A and C) Metabolic labeling studies with [*H]myristic acid and [>**S]methionine-
[>*S]cysteine. Parallel cultures were incubated for 4 h in 0.5 mCi of [>*S]methionine-[**S]cysteine (A) or [*H]myristic acid (C) per ml as
described in Materials and Methods. After lysis in TNE buffer, A2F505 p56'** was recovered from 500 pg of cellular proteins, whereas F505
p56'<* was recovered from serial dilutions of lysate. Labeled polypeptides were resolved on 8% SDS-PAGE gels. Lanes: 1, A2F505 p56/°* (500
1g); 2 to 5, FS05 pS6ik (2, 31 ng; 3, 62.5 pg; 4, 125 pg; 5, 250 ug). The position of p56'* is shown. Exposure times: (A) 3 days; (C) 7.5 weeks.
(B) Subcellular localization studies. Cells were mechanically lysed after swelling in hypotonic buffer, and S100 and P100 fractions were
separated by centrifugation as described in Materials and Methods. The particulate (P100) and cytosolic (S100) fractions were adjusted to
0.1% SDS-TNE buffer and boiled. p56'* was recovered from each fraction by immunoprecipitation, resolved on 8% SDS-PAGE gels, and
visualized by Lck immunoblot. Lanes: 1, 3, and 5, P100 (particulate fraction); 2, 4, and 6, S100 (cytosolic fraction); 1 and 2, wild-type (wt)
p56'%; 3 and 4, F505 pS56'°*; 5 and 6, A2F505 p56'“*. The position of p56'* is indicated. Exposure time, 3 days.
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FIG. 6. Antiphosphotyrosine immunoblot. Antiphosphotyrosine
immunoblot analysis was performed as described for Fig. 3A. A
parallel Lck immunoblot was also done to determine levels of Lck
expression (B). Both polyclonal and monoclonal Lck-expressing cell
lines were analyzed. The first lane of each set (lanes 1, 2, 5, and 8)
represents a polyclonal cell population; the remaining lanes are
representative monoclonal cell lines. Lanes: 1, neomycin phospho-
transferase (N) control; 2 to 4: wild-type (wt) p56'%; 5 to 7: F505
pS6'%; 8 to 10, A2F505 p56'**. The positions of p56'* and of the
putative 36-kDa calpactin I (p36) are shown. The positions of
prestained molecular mass markers are shown on the right. Expo-
sure times: (A) 8 h; (B) 7 days.

1). Mapping studies using cyanogen bromide (Fig. 7B) re-
vealed that whereas the F505 Lck protein (lane 1) was
extensively phosphorylated on the amino-terminal C1 and
Tyr-394-containing C2 peptides, the A2F505 p56'** mutant
was noticeably phosphorylated only on the amino-terminal
C1 fragment (lane 2). Different autoradiographic exposures
of this gel (Fig. 7C) indicated the relative lack of C2 peptide
phosphorylation in digests of A2F505 p56'* (lane 2). Al-
though not apparent from this experiment, we have occa-
sionally observed small degrees of in vivo C2 phosphoryla-
tion in A2F505 p56'* molecules (data not shown).

To further evaluate the enzymatic function of A2F505
pS56'X, the catalytic activity of this product was measured by
immune complex kinase assay (Fig. 8). Under linear assay
conditions, this analysis demonstrated that the specific ac-
tivity of A2F505 pS6'* (Fig. 8, lanes 4 to 6) was approxi-
mately 2.5-fold less than that of F505 p56'* (lanes 1 to 3).
Taken together, these findings showed that mutation of the
site of p56'°* myristylation significantly decreased the ty-
rosine-specific protein kinase activity of the F505 Lck mu-
tant.

DISCUSSION

Upon activation by mutation of Tyr-505, p56* becomes
extensively phosphorylated in vivo at Tyr-394, the site of in

ACTIVATION OF p56/* 5203

A B C

N A2F505
N A2F505
N A2F505

- F508

FIG. 7. A2F505 p56/'*. (A) Metabolic labeling studies with 32P;.
Cells were labeled with 32P, as described in Materials and Methods.
p56'* polypeptides were recovered by immunoprecipitation from
cell lysates. Lanes: 1, FS05 p56'*; 2, A2F505 p56'*. The position of
p56'* is indicated. Exposure time: 12 h. (B) Cyanogen bromide
cleavage analyses. Conditions were as for Fig. 2A. Lanes: 1, F505
pS6'*; 2, A2F505 p56'**. The C1 and C2 cyanogen bromide frag-
ments (as depicted in Fig. 2B) are indicated. Exposure time, 12 h.
(C) Cyanogen bromide cleavage analyses. Relative phosphorylation
of C2 was examined by different autoradiographic exposures of the
experiment shown in panel B. Lanes: 1, F505 p56'* (7-h exposure);
2, A2F505 p56'* (3-day exposure). The positions of fragments C1
and C2 are shown.

vitro autophosphorylation (2, 22). To evaluate whether Tyr-
394 phosphorylation may participate in regulation of the
tyrosine-specific protein kinase activity of p56'*, this resi-
due was replaced by a phenylalanine (thereby preventing
phosphorylation at this site), and mutant polypeptides car-
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FIG. 8. Immune complex kinase assay. Conditions were as for
Fig. 4. The first lane of each set of cell lines (lanes 1 and 4)
represents a polyclonal cell population; the remaining lanes are
representative monoclonal cell lines. Lanes: 1 to 3, F505 p56'*; 4 to
6, A2F505 p56'“*. The positions of enolase and p56'* are shown. The
positions of prestained molecular mass markers are indicated on the
right. Exposure times: (A) 12 h; (B) 4 days.
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rying the double F394F505 mutation were expressed in
murine NITH 3T3 cells. Analyses of these cell lines revealed
that mutation of Tyr-394 completely abolished the oncogenic
potential of the F505 Lck mutant. Further studies using
antiphosphotyrosine immunoblotting indicated that the
phosphotyrosine content of F394F505 p56/““-expressing cells
was significantly lower than that of cells expressing the F505
Lck mutant, being essentially similar to that of fibroblasts
expressing the wild-type Ick gene product. In agreement with
these findings, the tyrosine-specific protein Kinase activity of
the F394F505 Lck mutant (measured in immune complex
kinase assays) was determined to be 3.5-fold lower than that
of the F505 Lck protein. Although the inability to demon-
strate significant differences between the tyrosine protein
kinase activities of wild-type and F505 p56'“* in vitro (2; our
unpublished data; this may reflect the loss of physiological
inhibitory constraints on the function of wild-type p56'*
after detergent extraction) limits further assessments of the
function of F394F505 p56°* relative to that of the wild-type
polypeptide, our data nevertheless indicate that the tyrosine
protein kinase activity of the F394F505 Lck mutant is either
similar or marginally elevated compared with that of the
wild-type protein. Although similar to the effect of mutation
of Tyr-416 on the F527 Src mutant, the impact of alteration
of Tyr-394 on the activity of F505 p56'“* appears to be more
dramatic. Indeed, mutation of Tyr-416 of p60°° results in
partial suppression of the oncogenic potential of the F527
Src mutant (17, 27).

These data suggest that lack of phosphorylation at Tyr-505
may facilitate but is not sufficient for p56'°* activation.
Additional Tyr-394-dependent p56'* modifications appear to
be required for the enzyme to become activated. This may
explain why, despite a low apparent stoichiometry of Tyr-
505 phosphorylation before CD4 cross-linking (32), p56'*
molecules associated with CD4 do not have elevated enzy-
matic activity in vitro (34). These findings may also provide
an explanation for the observation of Ostergaard and col-
leagues (26) that p56'* isolated from CD45* and CD45~
T-cell hybridomas (which have different extents of Tyr-505
phosphorylation) do not have significantly different in vitro
protein kinase activities. Finally, they are supportive of the
finding that in vitro dephosphorylation of p56'* by potato
acid phosphatase does not increase its enzymatic activity
(Louie and Cooper, unpublished results).

The mechanism by which the autophosphorylation site
Tyr-394 regulates the tyrosine protein kinase activity of
p56'°* remains to be clarified. One possibility is that auto-
phosphorylation at Tyr-394 confers an active conformation
to p56'*. Alternatively, the hydroxyl group of Tyr-394
(absent on phenylalanine) may be required for regulation of
the p56'** tyrosine protein kinase activity independently of
its ability to serve as a phosphate acceptor. In this context,
autophosphorylation at Tyr-394 may be a secondary event
facilitated by an active p56* conformation. Future experi-
ments may help distinguish between these two possibilities.

Previous studies have indicated that p56' is a myristy-
lated membrane-bound protein (21, 39), although the exact
site of myristylation was not directly defined. Through
site-directed mutagenesis, we have now demonstrated that
replacement of Gly-2 of p56'°* by an alanine abolishes Lck
myristylation, suggesting that Gly-2 may be the residue
targeted by this modification. Furthermore, we have shown
that Gly-2 is required for stable association of p56* with
fibroblast cellular membranes.

As one would predict from studies of p60°“ (8, 15, 28), a
myristylation-defective F505 Lck mutant (A2F505 mutant)
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was incapable of transforming NIH 3T3 cells. Quite unex-
pectedly, we observed that the enzymatic activity of this
mutant was significantly less than that of F505 p56'c*.
Indeed, NIH 3T3 cells expressing A2F505 p56'* contained
significantly lower levels of phosphotyrosine than did cells
expressing equivalent amounts of F505 Lck protein. Similar
observations were noted after expression of this mutant in
Rat-1 fibroblasts (data not shown). Furthermore, when com-
pared with F505 Lck molecules, the A2F505 Lck mutant
demonstrated reduced Tyr-394 phosphorylation in vivo as
well as a decreased ability (2.5-fold) to phosphorylate the
exogenous substrate enolase in vitro. Therefore, the lack of
transforming potential of this mutant appears to be due to a
lowered enzymatic activity in vivo as well as (based primar-
ily on studies of p60°) lack of interaction with critical
membrane-associated substrates. This is in contrast with the
myristylation-defective A2F527 p60°" mutant, which main-
tains an unaltered elevated tyrosine protein kinase activity
despite lack of stable association with cellular membranes
(28).

How can the A2 mutation affect the tyrosine kinase
activity of the F505 p56'°* mutant? We have exhaustively
ruled out the possibility that our findings result from addi-
tional mutations in the Ick cDNA (see Materials and Meth-
ods). Second, they are unlikely to reflect selection for
kinase-deficient spontaneous variants of the A2F505 Lck
protein during the process of retroviral packaging, since
similar results were obtained after transfection by calcium
phosphate precipitation (data not shown). Third, since mu-
tation of a glycine to an alanine represents a relatively
conserved amino acid substitution, it appears doubtful that
the A2 mutation drastically alters the conformation of p56'~.
Indirect support for this view is provided by the observa-
tions that the A2F505 Lck mutant is capable of physically
associating with the CD4 T-cell surface antigen and that an
A2 Lck mutant with a tyrosine residue at position 505
remains extensively phosphorylated at Tyr-50S in vivo (our
unpublished data). One possible explanation is that myristy-
lation or interaction with the plasma membrane is needed for
efficient activation of p56’*. Since the A2F505 Lck mutant
shows a low extent of Tyr-394 phosphorylation in vivo, one
plausible scenario is that myristylation, membrane associa-
tion, or both are important for Tyr-394-dependent activation
of pS6/e*. Although less likely, it is also conceivable that the
cytoplasmic localization of this mutant interferes with its
activation as a result of, for example, rapid dephosphoryla-
tion of Tyr-394 by cytosolic tyrosine phosphatases.

Previous studies have indicated that phosphorylation at
Tyr-505 of p56'°* down regulates its tyrosine kinase activity
(2, 22). However, several lines of evidence indicate that lack
of phosphate on Tyr-505 is not sufficient for elevation of the
p56'* tyrosine kinase activity (26, 32, 34; R. Louis and J.
Cooper, unpublished data). The data presented in this report
suggest that activation of p56'°* requires additional post-
translational modifications dependent on Tyr-394, the site of
Lck autophosphorylation (most likely phosphorylation at
this site). Our findings also indicate that these alterations
may be facilitated by p56'°* myristylation, membrane asso-
ciation, or both. Because of the differences noted between
the regulation of p56'°* and p60°"°, analyses of the functions
of carboxy-terminal tyrosine phosphorylation, autophos-
phorylation, and myristylation in the regulation of other
members of the Src family appear to be warranted. Such
studies may help identify the central events involved in the
posttranslational regulation of this family of closely related
gene products.
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