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SUMMARY: Ca’*/calmodulin-dependent protein Kinases are implicated in regulating the
Ca’* signaling involved in T cell activation and in thymocyte selection. One of the earliest
events in signaling through the T cell antigen receptor is activation of the protein tyrosine
kinase p56lck. Following T cell activation or signaling through the IL-2 receptor,
Ca®*-mediated phosphorylation of p56ick occurs on serine/threonine residues. Isoforms of
the multifunctional Ca®*/calmodulin-dependent protein kinases, CaM kinase-II and CaM
kinase-Gr are found in human T lymphocytes. CaM kinase-II, but not CaM kinase-Gr,
phosphorylates the T cell tyrosine kinase p56lck in vitro. Tryptic phosphopeptide maps
indicate that CaM kinase-1I phosphorylates p56lck on multiple sites in vitro. Kinase assays of
p56lck modified by CaM kinase-II indicate that CaM kinase-II modification does not
appreciably affect pS6ick phosphotransfer activity. — © 1994 academic Press, Inc.

Ligand binding to the T cell antigen receptor/CD3 complex induces a cascade of
events including activation of the tyrosine kinases p56lck and p59fyn, phosphorylation of
phospholipase C-y1 and hydrolysis of PIP,. The release of IP;-sensitive internal Ca®* stores
produces a transient increase in Ca** levels in the lymphocytes and translocation of protein
kinase C (PKC). Subsequent opening of Ca?* channels causes a sustained rise in Ca’* levels
that are required for T cell commitment to activation leading to cellular proliferation and
cytokine production (1-4). p56lck, a member of the src family of tyrosine kinases, is
expressed exclusively in lymphoid tissues, predominantly in thymocytes and peripheral T
cells. It is physically associated through amino-terminal cysteine residues with the
cytoplasmic domains of the CD4 and CD8 T cell surface glycoproteins and interacts with the

B chain of the IL-2 receptor. p56lck is essential for normal signal transduction through the
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TCR during activation of mature T cells (reviewed in 5-8). Transgenic mice deficient in
p56ick show a profound block in thymocyte development (9). p56lck is also implicated in
growth transformation of B lymphocytes by Epstein Barr Virus (EBV) (10).

Upon signaling through the T cell receptor or following IL-2 stimulation of T
lymphocytes, p56lck undergoes rapid phosphorylation that results in altered mobility on
polyacrylamide gels. This conversion of p56lck to the p60 form is associated with serine,
and possibly threonine, phosphorylation in the amino-terminal region (11-16). At least two
serine protein kinase pathways are implicated in the modification of p56lck: p56lck
phosphorylation can be induced by activators of PKC or through a PKC-independent pathway
by treatment of T cells with calcium ionophores (13,16).

Ca’* acts on multiple cellular targets. Because calmodulin is the primary receptor for
Ca’*, the participation of Ca’*/calmodulin-dependent kinases in lymphocyte Ca®* signaling
has been proposed. The Ca®*/calmodulin-dependent protein kinase type Gr, CaM kinase-Gr
(also called CaM kinase-1V) is enriched in neurons and T lymphocytes, particularly immature
thymocytes, and is present in EBV transformed B cells (17-19). In addition, isoforms of the
abundant brain multifunctional Ca®*/calmodulin-dependent protein kinase, CaM kinase-II
have been identified in various tissues including spleen (20) and human lymphocytes (21).
These kinases are potential targets for regulating the Ca®*-signaling involved in T

lymphocyte activation and thymic selection cascades.

MATERIALS AND METHODS

Enzyme purification. CaM kinase II was purified from forebrains of adult male
Sprague-Dawley rats by ammonium sulfate fractionation, calmodulin agarose and gel
permeation chromatography (19). Recombinant p56lck (GST-p56ick) was cloned and
expressed as a glutathione S-transferase (GST) fusion protein in E. coli (22). Mutant p56ick
contains a conservative lysine to arginine substitution at position 273, disrupting the
nucleotide binding site and inactivating the enzyme (22). CaM kinase-Gr purified from
human thymus was the kind gift of Dr. Talal Chatila (Children’s Hospital, Boston).

CaM kinase assays. CaM kinase-II and CaM kinase-Gr assays were carried out at 30°C for
20 min. in 30 ml of 25 mM Tris-HCl, pH 7.5, 10 mM MgCl,, 50 uM okadaic acid
(Boehringer Mannheim), 1 uM DTT, 50 uM ATP with 5 uCi of [y-*’P] ATP, ~0.4 ug of
GST-LCK fusion protein or ~0.5 pg of GST E. coli-expressed protein was included as a
substrate. Assays were performed in the presence of either 1 mM CaCl, and 600 nM
calmodulin or 1 mM EGTA. Phosphorylated proteins were resolved by SDS-PAGE (23) on
8% acrylamide gels and visualized by autoradiography.

pS6lck kinase assays. CaM kinase-II was autophosphorylated for 1 min. in the presence of
Ca?* and calmodulin under the conditions described above. ~ 50 ng recombinant active
GST-pS6lck was added to the appropriate reactions in a total volume of 20 ul and allowed to
incubate for 10 min. at 30°C. The reactions were diluted into buffer containing 5 mM
MnCl,, additional Ca’* and calmodulin and 0.5 mg/ml RR-SRC peptide substrate
(Gibco-BRL) and incubated for 10 min. at 30°C. The reactions were stopped by adding SDS
loading buffer and proteins were separated by electrophoresis on an 18% SDS-PAG followed
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by imaging and quantitation on a Molecular Dynamics phosphorimager.

Phosphopeptide maps. CaM Kinase-II phosphorylated mutant p56lck was resolved by
SDS-PAGE, visualized by autoradiography and excised from the gel. Two-dimensional
phosphopeptide maps of were obtained following digestion of dehydrated gel pieces with 100
pg/ml trypsin for 48 hrs. at 37°C and analysis of the released peptides by
electrophoresis-chromatography (24).

Immunoblots. 1x 10° cells or 500 ug tissue was solubilized in 2X SDS gel loading buffer.
Proteins were resolved by SDS-PAGE using 10% acrylamide and electroblotted onto
nitrocellulose using standard procedures. The conformation-dependent CaM kinase-II mAb
produced in our laboratory was incubated at 1:20 dilution of culture supernatant in the
presence of 100 uM CaCl, and 5 pg/ml calmodulin (25). The blots were washed and probed
with alkaline phosphatase conjugated goat anti-mouse IgG. Immunoreactive peptides were
detected by the addition of appropriate substrates (Biorad). The SK-N-SH human
neuroblastoma cell line was obtained from the American Type Culture Collection. Human
Jurkat JE6-1 and rat G,-TC T cell lines were provided by Talal Chatila, M.D. (Children’s
Hospital, Boston). Forebrains were obtained from adult Wistar rats,

RESULTS

Immunoblots using CaM kinase-II specific monoclonal antibodies indicate the
presence of CaM kinase-II isoforms in rat and human T cell lines (Fig. 1). The rat T cell
line G,-TC contains only one immunoreactive peptide of ~M, 55,000 which co-migrates with
a minor band slightly larger than the ¢ isoform from rat forebrain. The rat antisera
cross-reacts with at least two isoforms in the human neuroblastoma cell line SK-N-SH; a
polypeptide of M, 54,000, similar in size to the rat neuronal o isoform, and a minor band of
~ M, 59,000, migrating close to the rat 8 isoform. In human Jurkat T cells, only a faint
cross-reactive polypeptide of ~ 59 kDa is observed.

At least two Ca’*/calmodulin-dependent protein kinases are found in T lymphocytes,
CaM kinase-II and CaM kinase-Gr. In vitro phosphorylation assays indicate that the inactive
mutant GST-p56Ick fusion protein, but not GST alone, is phosphorylated by CaM kinase-II
in a Ca’*/calmodulin-dependent manner (Fig. 2). The altered mobility of the phosphorylated
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Fig. 1. Immunoblot analysis with the conformation-dependent rat CaM kinase-II mAb. Left
to right: human neuroblastoma cell line SK-N-SH; human Jurkat T cell leukemia line,
subclone JE6-1; rat G,-TC T cell line; rat forebrain.
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Fig. 2. In vitro Ca’*/calmodulin-dependent phosphorylation of GST or inactive mutant
GST-p56lck by CaM kinase-Gr or CaM kinase-II in the presence (+) or absence (-) of either
EGTA or CaCl, and calmodulin (Ca’*/CaM) as described in Materials and Methods.

Fig. 3. Phosphopeptide map of *P-labeled GST-p56L.CK. In vitro CaM kinase-II
phosphorylated GST-p56lck was excised from a dried SDS-gel, digested with trypsin and
analyzed by electrophoresis (e)/chromatography (ch).

GST-p56Ick, appearing as an upward smear on SDS gels, is consistent with phosphorylation
at multiple sites.

In contrast, GST-p56Ick is not an in vitro substrate for CaM kinase-Gr (Fig 2). CaM
kinase-Gr is a multifunctional Ca®*/calmodulin-dependent protein kinase enriched in neurons

and thymocytes (17-19). The consensus phosphorylation site for CaM kinase-Gr, R-X-X-S,
is similar to that established for CaM kinase-I1 (19, 26). This consensus site is found in

p56lck at amino acids 39-42, suggesting that p56Ick is a potential substrate for CaM
kinase-Gr.

In order to characterize the sites of CaM kinase-1I phosphorylation of pS6lck, we
performed two dimensional phosphopeptide mapping. Tryptic digestion of in vitro
phosphorylated GST-p56lck gives rise to seven major spots and several minor spots (Fig. 3).
Because the inactive mutant form of p56lck was used for these experiments, the peptides
detected contain only phosphoserine or phosphothreonine. Analysis of the p56lck amino acid
sequence reveals two peptides containing the CaM kinase-II consensus phosphorylation site of
R-X-X-S/T. These sites are located at residues 39-42 and 207-210 in p56ick. CaM kinase-II
can also use Lys in place of Arg on the N-terminal side of the phosphorylated residue (27).
p56Ick contains five peptides with the sequence K-X-X-S. Use of these sites by CaM
kinase-II would account for the multiple phosphorylated peptides observed on the two

dimensional maps. All of these sites occur within the amino-terminal two-thirds of the
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pS6lck polypeptide; five sites lie within the first 210 amino acids. This is consistent with
findings that activation through the T cell receptor induces serine phosphorylation of p56lck
in an amino-terminal 32 kDa fragment containing amino-acids 14-261 (14, 16).

To determine whether CaM kinase-II phosphorylation has an effect on p56Ick tyrosine
kinase activity, active recombinant GST-p56Ick was added as a substrate to
pre-phosphorylated CaM kinase-1I under Ca**/calmodulin kinase phosphorylation conditions.
After maximal phosphorylation, p56Ick was diluted into tyrosine kinase assay buffer
containing an exogenous peptide substrate specific for tyrosine kinases. Activity of the
modified pS6lck, as measured by incorporation of P into the peptide substrate, was not

appreciably altered compared with controls (data not shown).

DISCUSSION

The multifunctional CaM kinase-II has a broad tissue distribution and phosphorylates
a variety of substrates including proteins involved in neurotransmitter release, lipid
biosynthesis, carbohydrate metabolism, protein synthesis and cytoskeletal organization
(reviewed in 27-31). The CaM kinase-II protein family shares complex biochemical and
structural characteristics. Five isoforms, «, 3, 8, v and 8, with molecular masses of 54-60
kDa have been identified from rat brain. Mammalian isoforms identified thus far differ
mainly in the length and placement of inserts at the end of the calmodulin binding region.

CaM kinase-II from human lymphocytes phosphorylates a variety of substrates in
response to stimulation with lectins or ionomycin and is induced to undergo
autophosphorylation and subsequent characteristic Ca**-independent kinase activity upon
stimulation through the TCR (4, unpublished data). CaM kinase-II isoforms from Jurkat T
cells were recently identified by cDNA cloning. The human lymphocyte CaM kinase-II
isoforms are unique, but show 95% sequence identity with the rat brain vy isoform, differing
only in the variable inserts (21). The ~59 kDa protein detected in Jurkat cells by
immunoblot in Fig. 1 may represent this isoform; however the immunoreactive polypeptide
in the rat G;-TC T cell line, migrating slightly above the brain a isoform, is probably a
different form.

CaM kinase-II readily phosphorylates p56ick in vitro, suggesting a link between a
Ca?®*/calmodulin signaling pathway and a tyrosine kinase known to be involved in T cell
activation and thymocyte selection. The phosphorylation reaction is relatively selective:
pS6lck is not a substrate for the Ca*>*/calmodulin-dependent protein kinase type Gr from
human thymus, although p56Ick has a potential CaM kinase-Gr phosphorylation site. CaM
kinase-II phosphorylates p56lck on multiple sites, causing retarded mobility in on SDS gels;

however CaM kinase-II modification of p56ick does not produce the discrete p60 form
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observed upon activation through the TCR or IL-2 receptor or treatment of the T cells with
phorbol esters. Tryptic phosphopeptide analysis of pS6lck isolated from Ca?*
ionophore-treated cells demonstrates Ca**-induced phosphorylation on serine of three
amino-terminal peptides, although phosphorylation does not result in the shift to the p60 form
of Ick (16).

Electron microscopy and biochemical fractionation of CaM kinase-II in neurons
indicates that the kinase is associated with plasma membrane, cytoskeleton, post synaptic
densities and synaptic vesicles, as well as in the cytosol (27, 29). CaM kinase-II was
recently shown to mediate the activation of a unique CI' channel in lymphocytes (32).
Demonstration of CaM kinase-II association with the plasma membrane provides support for
co-localization of CaM kinase-II with p56ick in the cell.

The function and significance of the serine/threonine phosphorylation of p56lck are
unknown. Although readily phosphorylated on multiple sites, the activity of CaM
kinase-II-modified p56ick on peptide substrates was unaffected. Using immune complex

p56lck kinase assays of T cells treated with activators of PKC, Ca** ionophores, or TCR
activation Veillette et al. (16) and Danielian et al. (12) were unable to detect any alteration in

the ability of the various Ick species to phosphorylate exogenous substrates. Because
phosphorylation likely occurs in the N-terminal region of p56lck near the portion of the
molecule involved in protein interactions (12,14), Ca®*-dependent phosphorylation may be
involved in regulating association with surface receptors or may alter substrate specificity of
the protein tyrosine kinase. p56lck association with the CD4 or CD8 co-receptors is required
for early T cell signaling events. Upon T cell activation CD4, CD8 and p56Ick all undergo
phosphorylation on serine (3,5-6). Activators of PKC induce dissociation of p56ick from
CD4 and internalization of the co-receptor; however, CD8 dissociation from p56lck and
internalization is not mediated by PKC (33), suggesting alternative regulation of the class
I-restricted T cells, that may involve CaM kinase-II.

PKC-independent Ca?*-mediated phosphorylation of p56lck will likely prove to be
important in the regulation of the tyrosine kinase in T cell receptor and IL-2 receptor
signaling. The in vitro phosphorylation data presented here, taken together with the
co-localization of CaM kinase-II with p56ick in T lymphocytes, suggests CaM kinase-1I

involvement in the critical early events of lymphocyte activation and thymocyte maturation.
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