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ABSTRACT CD45 is a family of high molecular weight
leukocyte cell surface glycoproteins. Recently, two related
subregions ofthe cytoplasmic domain ofCD45 have been shown
to have 3040% amino acid identity with a human placental
protein phosphotyrosine phosphatase, and CD45 isolated from
human spleen was found to exhibit intrinsic protein phospho-
tyrosine phosphatase (EC 3.1.3.48) activity. In the present
studies, we demonstrate that each of the known isoforms of
murine CD45 has an equivalent basal level of protein phos-
photyrosine phosphatase activity and establish that this enzy-
matic activity is associated with the cytoplasmic domain of the
glycoprotein. Studies with three independent sets of well-
characterized parental CD45+, mutant CD45-, and revertant
CD45+ lymphoma cell lines indicate that loss ofCD45 increases
the phosphorylation of the src-related leukocyte-specific tyro-
sine protein kinase p56Ick on tyrosine-505, a putative negative
regulatory site. This suggests that CD45 may play a role in
leukocyte growth regulation by altering the kinase activity of
ps6ck.

CD45 (T200 or L-CA) is a family of major leukocyte-specific
cell surface glycoproteins expressed exclusively-on hemato-
poietic cells (reviewed in ref. 1). Isoforms of CD45 are
generated by the alternative splicing of three exons, each
encoding '50 amino acids that are inserted near the amino
terminus of the molecule. Of the eight possible mRNAs that
can be generated by the differential use ofthe three exons, six
have been identified by sequencing CD45 cDNAs from
mouse, human, and rat (2-6). The extra sequences of CD45
encoded by the alternatively spliced exons contain multiple
sites for O-linked oligosaccharides, and at least one extra
segment is known to be extensively glycosylated (7). Differ-
ent isoforms of CD45 are selectively expressed on specific
subpopulations of hematopoietic cells, and changes in the
pattern of expression of CD45 isoforms in T cells also occur
upon antigenic stimulation (8-10). CD45 is also distinguished
by a large, highly conserved, cytoplasmic domain of 705
amino acids that can be subdivided into two related subdo-
mains of '300 amino acids. Recently, each of these subdo-
mains was shown to have 30-40% amino acid identity with a
soluble human placental protein phosphotyrosine phospha-
tase (PTPase; protein-tyrosine phosphatase, EC 3.1.3.48),
and CD45 isolated from human spleen was found to have
intrinsic PTPase activity (11, 12). We have extended these
observations by analyzing the PTPase activity of individual
isoforms of murine CD45 and truncated forms of the mole-
cule. Further, the availability of three independent sets of
parental CD45+, mutant CD45-, and revertant CD45+ lym-
phoma cells has allowed us to search for in vivo substrates of
the CD45 PTPase activity by comparing the phosphoty-

rosine-containing proteins in CD45' and CD45- cells. The
results ofthis analysis indicate that loss ofCD45 in the mutant
lymphoma cells correlates with increased phosphorylation of
the src-related leukocyte-specific tyrosine protein kinase
p56Ick (13, 14) at Tyr-505, a putative negative regulatory site
(15, 16). Previous studies using monoclonal antibodies have
implicated CD45 in a variety of lymphocyte functions, in-
cluding proliferative responses and signal transduction (17-
19). Our data suggest that one possible mechanism by which
CD45 might play a role in lymphocyte growth regulation is by
directly, or indirectly, modifying the kinase activity of p561ck.

MATERIALS AND METHODS
Cell Lines. CD45- mutant murine lymphoma cell lines were

derived from mutagenized parental cell lines by immunose-
lection with antibody and complement (20, 21). Their relative
levels ofCD45 expression are shown in Table 1. To obtain 4i-2
cell lines expressing specific isoforms of CD45, PA-12 cells
were transiently transfected with pARV-1 retroviral con-
structs encoding each of four murine CD45 isoforms (22).
After 48 hr, the culture supernatants were harvested and used
to infect _fr-2 cells. These cells were then selected in G418, and
individual colonies were isolated and subsequently analyzed
for CD45 expression. All the transfected cell lines expressed
comparable amounts of CD45 as determined by flow cytom-
etry and metabolic labeling with [35S]methionine.

Baculovirus Expression of the CD45 Cytoplasmic Domain.
Site-directed mutagenesis was used both to generate a new
Xba I site 16 base pairs upstream of the ATG start site and
to delete amino acid residues 4-563 from a full-length murine
CD45 cDNA (4) inserted in pBluescript SK (Stratagene). The
Xba I fragment containing the coding sequence was inserted
into the BamHI site of a baculovirus expression vector (23)
and cotransfected with wild-type baculovirus DNA into Sf9
cells to generate recombinant virus. Plaque-purified recom-
binant virus was used to infect Sf9 cells and direct the
synthesis and secretion of the 95-kDa cytoplasmic domain of
murine CD45.
Phosphatase Assay. Cells were lysed in 1% Nonidet P-

40/0.15 M NaCl/0.01 M sodium phosphate buffer (pH 7.2).
Immunoprecipitates prepared with monoclonal antibody 13/2
coupled to Sepharose 4B were washed with 0.2% Nonidet
P-40 in 0.15 M NaCl/10 mM sodium phosphate buffer (pH
7.2) (24, 25). Immunoprecipitates from 1-4 x 105 cells were
then incubated with 0.4 nM [Val5]angiotensin II (Sigma) that
had been phosphorylated by p56Ick from LSTRA cells to a
specific activity of 1 x 107 cpm/pmol (26). Reactions (total
volume of 5 ,ul) were performed in 1 mM EDTA/25 mM
imidazole HCl, pH 7.2 (phosphatase buffer) at 30°C and were
stopped by boiling. One microliter from each reaction mix-
ture was spotted onto cellulose thin-layer plates and sub-

Abbreviation: PTPase, phosphotyrosine phosphatase.
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Table 1. Expression of CD45 on murine lymphoma cell lines
Relative amount

of antigen
CD45

Cell line (T200) Thy-1
BW5147 26.2 29.7
BW5147 (T200-a)5.1 1.1* 69.0
BW5147 (Rev)1.1 4.2 66.0
NZB.1 10.8 23.3
NZB.1 (T200-).4t 1.1* 50.0
NZB.1 (Rev).2t 21.6 39.3
SAKRTLS 12.1 8.9 22.8
SAKRTLS 12.1

(T200-a).5t 1.0 38.3
The relative amount of antigen was measured by the mean loga-

rithm of the fluorescence estimatted by flow cytometry (21) with
background fluorescence set at 1.0 for each cell line.
*BW5147 (T200-a) and NZB.1 (T200-).4 cells synthesize little or no
CD45 as judged by metabolic labeling with [35S]methionine (ref. 20;
H.L.O., unpublished data).

tThese lines were derived by R.H. and V. Stallings (unpublished
data).

jected to electrophoresis in buffer at pH 3.5 for 14 min at 1.5
kV (27). The separated angiotensin and 32P, were located by
autoradiography (12 hr at -70°C), the areas of the plates
containing 32Pi and labeled angiotensin were scraped, and the
Cherenkov cpm were determined. The results were ex-
pressed as the percent of the total radioactivity recovered in
32Pi.
Immunoblots. Cells were lysed at 2-4 X 107 cells per ml in

1% Nonidet P-40/0.15 M NaCI/2.5 mM EDTA/0.5 mM
sodium orthovanadate/10 mM sodium phosphate buffer (pH
7.5) at 4°C, and then immunoprecipitates were prepared as
described (28) with rabbit anti-p56ick antiserum (26). The cell
lysates (1.2 x 106 cell equivalents) and immunoprecipitates (5
x 106 cell equivalents) were subjected to electrophoresis on
an SDS/8.5% polyacrylamide gel and then transferred to
nitrocellulose as described by Towbin et al. (29) with a Novex
Western transfer apparatus. Immunoblotting was performed
with rabbit anti-p56lck antiserum (26) or affinity-purified
rabbit anti-phosphotyrosine antibodies (30). Prestained SDS
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electrophoresis molecular size markers (Sigma) were used as
standards.
Phospho Amino Acid Analysis and Peptide Maps. SAKRTLS

12.1 and SAKRTLS 12.1 (T200-) cells (4 x 107) were meta-
bolically labeled with 5 mCi of 32p, (ICN; specific activity =
285 Ci/mg; 1 Ci = 37 GBq) for 6 hr and then lysed by boiling
in 0.5% SDS/1 mM dithiothreitol/10 mM Tris-HCI (pH 8.0).
Lysates were adjusted to RIPA buffer (26), and immunopre-
cipitates were prepared with a rabbit anti-p561ck serum. The
immunoprecipitates were subjected to electrophoresis on an
SDS/10% polyacrylamide gel and transferred to Immobilon
(Millipore) for phospho amino acid analysis and to nitrocellu-
lose for tryptic digestion. After they were localized by auto-
radiography, the p561ck bands were excised. For phospho
amino acid analysis, the band containing p561ck was treated
with 200 ,l of 5.7 M HCI for 1 hr at 110°C, dried, and
resuspended in 10 ,l of H20 (31). A total of 200 cpm were
spotted onto a cellulose thin-layer plate and analyzed by
electrophoresis at pH 1.9 in the first dimension and at pH 3.5
in the second dimension (27). For two-dimensional tryptic
peptide mapping, p56Ick (280 cpm) was digested with L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated tryp-
sin (Worthington) and the resulting peptides were separated by
electrophoresis at pH 8.9 in the first dimension toward the
positive electrode (left side) and in the second dimension by
ascending chromatography as described (27).

RESULTS AND DISCUSSION

PTPase Activity of Murine CD45: Localization to the Cyto-
plasmic Domain. To determine the intrinsic PTPase activity of
murine CD45, the glycoprotein was isolated by immuno-
precipitation with monoclonal antibody 13/2 (24) and then
assayed for PTPase activity by using 32P-labeled angiotensin
as substrate (32). Immunoprecipitates containing CD45 from
parental CD45+ cells had more than a 100-fold greater PTPase
activity than similar immunoprecipitates from CD45- cells
(Fig. la)-or immunoprecipitates from CD45+ cells prepared
with an irrelevant antibody (data not shown). Immunopre-
cipitates prepared from a revertant cell line, derived from the
NZB.1 (T200-) mutant, reproducibly contained higher PTP-
ase activity than those from the parental cell line. This
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FIG. 1. PTPase activity of CD45. (a) PTPase activity of CD45 immunoprecipitates from parental and revertant CD45+ and mutant CD45-
lymphoma cell lines (see Table 1). *, BW5147; v, BW5147 (T200-a)5.1; O, BW5147 (Rev)1.1; *, NZB.1; o, NZB.1 (T200-).4; A, NZB.1 (Rev).2;
*, SAKRTLS 12.1; o, SAKRTLS 12.1 (T200-a).5. The number of cell equivalents used for each experiment was 2 x 105 for the BW5147 cell
lines, 3 x 105 for the NZB.1 cell lines, and 7.5 x 105 for the SAKRTLS 12.1 cell lines. (b) PTPase activity of recombinant baculovirus murine
CD45 cytoplasmic domain produced in Sf9 insect cells. The PTPase activity of tissue culture supernatant from Sf9 cells infected with either
recombinant virus encoding the cytoplasmic domain of murine CD45 (m) or, as a control, cells infected with wild-type virus (o) is shown. Sf9
cells were grown in serum-free medium and supernatants were dialyzed against phosphatase buffer before assay. (c) PTPase activity of CD45
immunoprecipitates from qi-2 cells infected with pARV-1 retroviral constructs expressing isoforms of CD45 containing different combinations
of sequences encoded by alternatively spliced exons A, B, and C (22) (T200-0, no alternatively spliced exons; T200-C, exon C only; T200-BC,
exons B and C; T200-ABC, exons A, B, and C; control, qi-2 cells infected with the pARV-1 retroviral vector).
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revertant expresses higher levels of CD45 than parental cells
(Table 1), and the molecule it expresses is similar in molec-
ular mass to the wild-type glycoprotein.
The 30-40% amino acid identity of the two subdomains of

the murine CD45 cytoplasmic domain with a human placental
PTPase (11) suggests that the PTPase activity of CD45 is
localized to this region of the molecule. To test this directly,
we used a previously characterized CD45' revertant, derived
from a CD45- mutant of BW5147, that expresses, on its cell
surface, a truncated form of CD45 glycoprotein lacking most,
if not all, ofthe cytoplasmic domain (21) (Table 1). CD45 from
this revertant possessed no detectable PTPase activity (Fig.
la). Furthermore, a recombinant baculovirus protein con-
sisting of only the cytoplasmic domain of murine CD45
expressed in insect cells has PTPase activity in vitro (Fig. lb).
We do not yet know whether both or only one of the related
cytoplasmic subdomains ofCD45 are active. Each of the four
known isoforms of murine CD45 has been independently
expressed in q-2 cells by using a retroviral vector (22). As
shown in Fig. ic, these isoforms were equally active as
PTPases in vitro.

Evidence That p561ck Is a Substrate of CD45 in Vivo. We
investigated the in vivo substrates of the CD45 PTPase by
immunoblotting total cell protein with anti-phosphotyrosine
antibodies (30) (Fig. 2). Three to five major phosphotyrosine-
containing proteins that did not differ in their phosphoty-
rosine content were detected in all three sets of mutant and
parental lymphoma cell lines. A major 110-kDa phosphoty-
rosine-containing protein was prominent in the mutant and
revertant NZB.1 cell lines but was not seen in the NZB.1
parental cell line. This difference was not seen in the other
sets of cell lines and presumably reflects clonal variation
unrelated to the expression of CD45. As the phosphorylation

anti-PTyr

c BW5147 lines

< P* P M R P* P M R

180k-
116k-

84k-
58k-
49k- '_<

of most of the major phosphotyrosine-containing proteins in
lymphoma cells is unaffected by the expression of CD45,
either CD45 has a restricted range of substrates or the
phosphorylation of these proteins is subject to regulation by
other PITPases or phosphotyrosine protein kinases.
One phosphotyrosine-containing protein of approximately

50-kDa, however, was more prominent in all three mutant
CD45- and the BW5147 revertant cell lines (Fig. 2). Thus, the
increased phosphotyrosine content of this protein correlated
with the loss of CD45. The protein was identified as p561ck
the src-related, membrane-associated, cytoplasmic tyrosine
protein kinase that is expressed predominantly in T cells (13,
14), by immunoblotting of anti-p56Ick precipitates with anti-
phosphotyrosine antibodies (Fig. 2). The p561ck isolated from
the CD45- mutant cell lines and the BW5147 revertant
lacking CD45 PTPase activity reacted more strongly with
anti-phosphotyrosine antibodies than the p561ck from the
respective parental cells or the NZB.1 (Rev).2 revertant cells
that contain CD45 PTPase activity. These differences in
reactivity with anti-phosphotyrosine antibodies reflect in-
creases in the phosphotyrosine content of p56Ick rather than
increases in the level of the protein, as immunoblotting of the
same immunoprecipitates and lysates and antibodies to p561ck
showed similar levels of the protein in the cells (Fig. 2).

Increased phosphotyrosine in p561ck from CD45- cells was
also detected by phospho amino acid analysis of p56Ick from
cells metabolically labeled with 32p, (Fig. 3 a and b). Whereas
p56Ick from CD45+ cells contained more phosphoserine than
phosphotyrosine, p561ck from CD45- cells contained more
phosphotyrosine than phosphoserine. There is, therefore, an
inverse correlation between the level of expression of CD45
and the phosphorylation of p56Ick on tyrosine. This suggests
that the phosphotyrosine content of p561ck is regulated by

NZB.1 lines

P M R P M R

SAKRTLS 12.1 lines

P M P M

_JIso<p56 Ick

anti-p56 Ick
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FIG. 2. Immunoblots of cell lysates (lysate) and immunoprecipitates (ip) of p561ck from CD45+ parental (P) and revertant (R) cells and CD45-
mutant (M) cells (see Table 1). (Upper) Anti-phosphotyrosine (anti-PTyr) immunoblots. (Lower) Anti-p561ck immunoblots. The BW5147 parental
cell line (P) differs from the BW5147 cell line (P*) in that it is resistant to tubercidin, deoxygalactose, and diaminopurine. As determined by
scanning the autoradiograph with a LKB laser densitometer, the level of phosphorylation of p561ck in NZB.1 (T200-).4 and SAKRTLS 12.1
(T200-) cells was increased 1.5- and 2.5-fold, respectively, relative to p561ck in the corresponding parental cell lines. The level ofphosphorylation
of p561ck in the NZB.1 (Rev).2 cells was decreased by 60o relative to p561ck in the NZB.1 parental cells correlating with a 2-fold higher level
of CD45 on the revertant cells. AKR.1 is a murine T-lymphoma cell line that expresses high levels of p561ck.
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FIG. 3. Phospho amino acid analysis (a and b) and two-dimensional tryptic peptide mapping (c and d) of p56Ick from parental and mutant
SAKRTLS 12.1 cell lines metabolically labeled with 32p;. S, phosphoserine; Y, phosphotyrosine. The origin on each peptide map is indicated
by an arrow. Peptide 1 contains Tyr-394, and peptide 2 contains Tyr-505.

CD45 in vivo. One possibility is that p561ck is a direct substrate
of CD45. Alternatively, CD45 could modulate the activity of
another PTPase or tyrosine protein kinase that regulates the
phosphorylation of p56Ick on tyrosine. As p56lck is found at
the cytoplasmic face of the plasma membrane, it might be
expected to be accessible to the cytoplasmic domain of
CD45. Consistent with the possibility that p56lck is a direct
substrate of CD45, phospho amino acid analysis of immuno-
precipitated p561ck incubated with the recombinant CD45
cytoplasmic domain showed a specific decrease in phospho-
tyrosine relative to phosphoserine (data not shown).

p56Ick is complexed with both CD4 and CD8 in T-cell lines
expressing these antigens (33, 34). BW5147 and NZB.1 cells
express neither CD4 nor CD8. In SAKRTLS 12.1 cells,
however, more than 90% of p56Ick was physically associated
with CD4 (data not shown). As tyrosine phosphorylation of
p561ck in CD45+ parental SAKRTLS 12.1 cells is reduced
relative to its phosphorylation in CD45- mutant SAKRTLS
12.1 cells, the physical association of p56Ick with CD4 does
not appear to interfere with the ability of CD45 to decrease
the phosphorylation of p56Ick on tyrosine.

Possible Regulatory Role of CD45 in T-Lymphocyte Activa-
tion. In most lymphoid cell lines, p561ck is phosphorylated at
Tyr-505, Tyr-394, and at several unidentified serines in the
amino-terminal domain (15, 26, 35). Mutagenesis suggests
that phosphorylation at Tyr-505 inhibits the kinase activity of
p56Ick (15, 16). To determine whether the expression ofCD45
leads to preferential dephosphorylation of either Tyr-505 or
Tyr-394, tryptic peptide maps of p56Ick were prepared from
CD45+ and CD45- SAKRTLS 12.1 cell lines metabolically
labeled with 32p, (Fig. 3 c and d). The maps showed notably
increased phosphorylation at Tyr-505 relative to either Tyr-
394 or the unidentified serines in p56Ick from CD45- cells
versus CD45+ cells. We conclude that CD45 selectively
decreases phosphorylation of p56lck at Tyr-505.

The stoichiometry of phosphorylation of Tyr-505 in T cells
has never been measured accurately. Our finding that the loss
of CD45 leads to a 2- to 3-fold increase in the phosphorylation
of Tyr-505 shows that this site is not fully phosphorylated in
CD45+ cells. This suggests that not all of the p561ck in T cells
is normally inhibited by phosphorylation on Tyr-505 and is
consistent with the idea that p561ck may have a significant
basal enzymatic activity (26).

p56Ick, p59hck, and p6Osrc are very closely related members
of the src family of tyrosine protein kinases. There is evi-
dence that all three are negatively regulated by phosphory-
lation on a conserved tyrosine near their carboxyl terminus.
Dephosphorylation of Tyr-527 in p60csrc, the residue homol-
ogous to Tyr-505 in p56lck, activates the protein kinase
activity of p60c-src both in vivo and in vitro (36, 37). Mutant
pI61ck, in which Tyr-505 is substituted by Phe, induces an
increase in phosphotyrosine content of cellular proteins and
neoplastic transformation when expressed in NIH 3T3 fibro-
blasts (15, 16). Similarly, mutant p59hck in which Tyr-501, the
homologous residue to Tyr-505, is altered to Phe also induces
an increase in phosphotyrosine content of cellular proteins
and neoplastic transformation when expressed in fibroblasts
(38). Collectively, these data strongly suggest that the protein
kinase activity of p561ck is regulated by the opposing actions
of one or more inhibitory protein kinases and activating
protein phosphatases, which together determine the extent of
phosphorylation of Tyr-505. The results we report here imply
that CD45 may be the PTPase, or one of the PIPases, that
directly or indirectly activates p56Ick. We have not yet been
able to demonstrate a significant difference in the in vitro
protein kinase activity of p56Ick isolated from CD45+ and
CD45- cell lines. However, in light of previous difficulties in
demonstrating increased in vitro protein kinase activity of
mutants p561ckF505 (16) and p59hckF501(38), this result was not
totally unexpected. We have recently found that antibody-
mediated coclustering of CD45 and CD4 inhibits an increase
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in phosphorylation on tyrosine of p56Ick induced by crosslink-
ing of CD4 with anti-CD4 antibodies (H.L.O. and I.S.T.,
unpublished data). This provides independent evidence that
CD45 can alter the phosphorylation state of p56 ck in vivo.
The level of expression of CD45 is unlikely to be the major

factor determining its regulatory effects in normal cells, as
this does not change dramatically during hematopoietic de-
velopment (1). It is more likely that the enzymatic activity of
CD45 is subject to regulation. The extracellular domains of
the CD45 isoforms may interact with a family of molecules on
the surface of other cells or bind a class of soluble ligands.
Interactions involving the extracellular domain that could
potentially regulate the PTPase activity of the cytoplasmic
domain of CD45, or bring it in juxtaposition with a specific
substrate, may be dependent upon the specific isoform ex-
pressed. Additionally, the cytoplasmic domain of CD45 is
phosphorylated on multiple serines (39), and changes in its
phosphorylation could also play a role in the regulation of its
PTPase activity.

In normal T lymphocytes, p561ck is complexed with either
CD4 or CD8 (33, 34). These accessory molecules have been
implicated in T-cell responses, and p561ck may, therefore,
play a regulatory role in antigen-stimulated T-cell activation.
If so, CD45, by virtue of its potential ability to activate p561ck,
may also be involved in signal transduction in T cells. The
notion that CD45 may play a role in T-lymphocyte prolifer-
ation is supported by the recent demonstration by Pingel and
Thomas (40) that a mutant mouse T-cell clone deficient in the
expression of CD45 fails to proliferate in response to antigen
or crosslinking by anti-CD3 monoclonal antibodies. How-
ever, as CD45 is widely expressed within the hematopoietic
system, its role is unlikely to be restricted to T cells, and it
will be important to identify additional substrates in other
types of hematopoietic cells.
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