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The Coordination of T-cell Function
by Serine/Threonine Kinases

David Finlay and Doreen Cantrell
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The function of T-lymphocytes during adaptive immune responses is directed by antigen
receptors, costimulatory molecules, and cytokines. These extrinsic stimuli are coupled to
a network of serine/threonine kinases that control the epigenetic, transcriptional, and meta-
bolic programs that determine T-cell function. It is increasingly recognized that serine/thre-
onine kinases, notably those that are controlled by lipid second messengers such as
polyunsaturated diacylglycerols (DAG) and phosphatidylinositol-(3,4,5)-trisphosphate
(PIP3), are at the core of T-cell signal transduction. In the present review the object will be
to discuss some important examples of how pathways of serine/threonine phosphorylation
control molecular functions of proteins and control protein localization to coordinate T-cell
function in adaptive immune responses.

The magnitude and complexity of the T-
cell serine/threonine phospho-proteome is

beginning to be appreciated. In this context,
major technological advances in mass spec-
trometry have allowed large-scale quantitative
phospho-proteomic analyses of T-cells. For
example, recent studies have identified ap-
proximately 10,000 phosphorylations in the
T-leukemic cell line Jurkat of which more than
600 were regulated in response to triggering of
the T-cell antigen receptor (Carrascal et al.
2008; Mayya et al. 2009; Nguyen et al. 2009).
The complexity and diversity of this network
of protein phosphorylation in activated T cells
is striking and raises many questions not least
what is the role of the individual protein phos-
phorylations forT-cell biology.A simplistic view
of protein phosphorylation is that it can act

as an on/off switch to control protein struc-
ture/function; the other key impact of protein
phosphorylation is to promote protein interac-
tions that can modify protein activity and
subcellular localization. The other important
consideration is that kinases are enzymes and
function to amplify signal transduction path-
ways. The present review will not exhaustively
list the pathways of serine/threonine phosphor-
ylation inT cells but rather discuss core elements
and key issues about the network of serine/
threonine kinases that control T-cell function.

PROTEIN KINASES AS ON/OFF SWITCHES
IN T CELLS

At a basic level serine/threonine kinases can
work as a series of on/off switches that are tight-
ly coupled to triggering of antigen and cytokine
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receptors. There are numerous examples of ki-
nases activated by protein phosphorylation
that fit this concept in T-cells (Fig. 1). For exam-
ple, T-cell antigen receptor (TCR) triggering
stimulates phospholipase C (PLC)-mediated
hydrolysis of phosphatidylinositol-(4,5)-bis-
phosphate (PIP2), which generates inositol-
(1,4,5)-trisphosphate (IP3) that initiates a sus-
tained increase in intracellular Ca2! levels
([Ca2!]i) that is critical for cytokine produc-
tion. One mediator of Ca2!signals in T cells
are the Ca2!/calmodulin-dependent protein
kinase kinases (CaMKKs) that phosphorylate
and activate CaM-kinase IVand hence regulate
cytokine genes and link Ca2! signals to mi-
crotubule dynamics (Matthews and Cantrell
2009). The CaMKKs also phosphorylate and
hence activate the AMP-activated protein ki-
nase (AMPK), a protein kinase with a crucial
role in maintaining cellular energy homeostasis
(Tamás et al. 2006).

The hydrolysis of PIP2 by phospholipase C
also produces diacyglycerol (DAG) that drives
the activation of serine/threonine kinases of
the protein kinase C (PKC) and protein kinase
D (PKD) families (Spitaler and Cantrell 2004;
Spitaler et al. 2006) (Fig. 1). DAG binding to
these kinases is required for catalytic activita-
tion but also mediates the redistribution of
PKC and PKD to the membrane. However, the
key molecular switch for PKD activation is the
PKC-mediated phosphorylation of core serine
residues within the PKD catalytic domain. In
T lymphocytes, DAG binding proteins also in-
clude the Ras guanyl releasing protein (GRP)
family of nucleotide exchange factors, which
activate Ras GTPases (Stone 2006). In quiescent
T lymphocytes, Ras GTPases exist predom-
inantly in an inactive GDP bound state but
switch rapidly to an active GTP bound form fol-
lowing engagement of the TCR and regulation
of intracellular diacylglycerol levels (Downward
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Figure 1. TCR activation of Ca2!/DAG regulated kinases. T-cell receptor (TCR) ligation activates phopholipase
Cg (PLCg), which cleaves phosphotidylinositol-(3,4)-bisphosphate (PIP2) generating two key second messen-
ger molecules, diacylglycerol (DAG) and inositol-(1,4,5)-trisphosphate (IP3). IP3 releases intracellular Ca

2!

stores into the cytosol activating; the Ca2! dependent phosphatase calcineurin inducing the expression of
NFAT target genes, and the Ca2! dependent kinase CaMKK which phosphorylates and activates AMPK and
CaMK IV. The accumulation of DAG in the plasma membrane mediates the activation PKC and PKD protein
kinases. DAG is also required for the activation of the Erk1/2 and RSK through activation of the Ras GTPase.
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et al. 1990). In their active GTP bound state
Ras proteins bind to the serine threonine ki-
nase Raf-1 and activate the mitogen activated
kinase MEK1 that phosphorylates and activat-
es the MAP kinases Erk1 and Erk2 (Matthews
and Cantrell 2009). The importance of the
Erks for T cells is well documented and they
are a classic example of kinases whose activity
is switched on by protein phosphorylation and
whose activity is terminated by dephosphor-
ylation.

One other well-characterized serine/threo-
nine kinase whose activity is tightly regulated
by phosphorylation during the immune activa-
tion of lymphocytes is protein kinase B (PKB,
also called Akt) (Astoul et al. 2003; Fabre et al.
2005; Finlay et al. 2009; Waugh et al. 2009).
The activation of PKB requires phosphoryla-
tion of threonine 308 within the catalytic do-
main and serine 473 in the carboxyl terminus
of the molecule (Pearce et al. 2010). In this con-
text, PKB/Akt activity is coupled to triggering

of antigen and cytokine receptors by the lip-
id phosphatidylinositol-(3,4,5)-trisphosphate
(PIP3) (Sinclair et al. 2008) (Fig. 2). Cellular
levels of PIP3 are determined by antigen and
cytokine receptors that control the activity of
class I phosphoinositide 3-kinases (PI3Ks)
that phosphorylate the 30-OH position of the
inositol ring of phosphatidylinositol-(4,5)-bis-
phosphate (Costello et al. 2002; Sinclair et al.
2008). Extracellular stimuli can also control
PIP3 levels and activate PKB in T cells by regu-
lating lipid phosphatases particularily PTEN
(phosphatase and tensin homolog deleted on
chromosome 10) (Finlay et al. 2009). PIP3 is
an important signaling molecule because it
binds to the pleckstrin homology (PH) domain
of PKB/Akt (Fig. 2). The rate limiting step for
PKB activation is the phosphorylation of
Thr308 within the PKB catalytic domain by 3-
phosphoinositide-dependent protein kinase-1
(PDK1) (Pearce et al. 2010). The phosphoryla-
tion of serine 473 in the carboxyl terminus of
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Figure 2. PDK1 signaling. PDK1 acts as a “master kinase” activating multiple AGC kinases through phosphor-
ylation of a conserved Threonine residue (“T-loop” site) within the catalytic domain. PDK1 activation of PKB
requires the secondmessengermolecule PIP3 that accumulates in the plasmamembrane because of the action of
the lipid kinase PI3K. PDK1 activation of other AGC kinases relies on prior phosphorylation of a Ser/Thr res-
idue within a hydrophobic motif (HM). This phosphorylated motif creates a docking site for PDK1 to bind
through its PIF binding pocket, thus allowing PDK1-mediated phosphorylation of the T-loop site and kinase
activation. Significant redundancy exists in PDK1 signaling as many downstream substrates, such as S6 riboso-
mal protein, GSK3, and FoxO transcription factors, can be phosphorylated by multiple PDK1-regulated AGC
kinases.
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PKB by the mammalian target of rapamycin
(mTOR) complex-2 is also required for optimal
kinase activity (Yang et al. 2002; Sarbassov et al.
2005). The link between PIP3 and PKB activa-
tion is that phosphorylation of PKB Thr308 is
triggered by increases in cellular PIP3 levels
that allow PIP3 binding to the PH domain of
PKB. This is essential to allow PDK1 to phos-
phorylate Thr308 (Calleja et al. 2007). PDK1
also has a PH domain that binds PIP3 with
high-affinity but it is important to note that
PIP3 binding to the PDK1 PH domain is not
essential for PDK1 catalytic activity (Bayascas
et al. 2008) or the activation of PKB in T cells.
However, PDK1 binding to PIP3 at the plasma
membrane is required for efficient induction
of high levels of PKB activity, probably by ensur-
ing colocalization of the enzymes (Bayascas
et al. 2008; Waugh et al. 2009).

CONSTITUTIVELY ACTIVE SERINE/
THREONINE KINASES IN “QUIESCENT”
T-CELLS

The discussions earlier illustrate the examples of
kinases that function as on/off switches in T
cells but there are equally important examples
of serine/threonine kinases that have high levels
of basal activity in resting T cells. For example,
the rate limiting step in the triggering of PKB
activity is not the activation of PDK1, because
this kinase has vey high basal activity, but
rather conformational/spatial restraints on the
PDK1/Akt interaction (Pearce et al. 2010). In
this context, the role of PDK1 extends beyond
its ability to link PIP3 to PKB and includes its
ability to phosphorylate and activate p70 ribo-
somal S6 kinases (S6Ks), p90 ribosomal S6 ki-
nase (RSK), serum and glucocorticoid regulated
protein kinases (SGKs), protein kinase Cs, and
the protein kinase C-related protein kinases
(PRKs) (Williams et al. 2000; Pearce et al.
2010) (Fig. 2). The phosphorylation of S6K1,
SGKs, and RSK by PDK1 is regulated by ex-
trinsic stimuli because a key step in the activa-
tion of these kinases is their phosphorylation
on hydrophobic motifs that create docking sites
for the PIF binding pocket in PDK1. For S6K1
the hydrophobic motif kinase is the mTORC1

complex that phosphorylates S6K1 on Thr389.
PDK1 can then dock with S6K1 and phosphor-
ylate the kinase at its T-loop site (T229) within
the catalytic domain. For SGK1, the hydro-
phobic motif kinase is the mTOR complex 2
(mTORC2) (Garcia-Martinez and Alessi 2008)
whereas RSK activation by PDK1 is controlled
by the MAP kinases Erk1/2 (Pearce et al.
2010). The initiating step for RSK activation
is thus Erk1/2-mediated phosphorylation of
Ser369, Thr365, and Thr577 in the carboxy-
terminal catalytic domain of the kinase. The
activated carboxy-terminal catalytic domain of
RSK then phosphorylates Ser386 in RSK to
create a docking site for PDK1, which then
phosphorylates Serine 227 in the amino-termi-
nal RSK kinase domain thereby activating the
enzyme. PDK1 is thus a constitutively active
kinase that integrates multiple signaling path-
ways initiated by antigen receptors and cytokine
receptors to control the activity of other AGC
kinases (Pearce et al. 2010).

Is the example of PDK1 constitutive activity
unique? No there are other very important
instances of constitutively active kinases in T
cells and in some cases these kinases act to
restrain T-cell activation. For example, mem-
bers of the NFAT (nuclear factor of activated T
cells) family of transcription factors (NFAT1–
4) are key regulators of cytokine gene expression
in T cells. NFATs are phosphorylated in quies-
cent cells and, as a consequence, are excluded
from the nucleus and maintained in an inactive
state in the cytosol. NFAT kinases are all con-
stitutively active and include the DYRKs (dual-
specificity tyrosine-phosphorylation regulated
kinases), casein kinase 1 (CK1), and glycogen
synthase kinase 3 (GSK3). The high basal activ-
ity of these NFAT kinases in quiescent T cells
keeps NFATs phosphorylated and inactive until
triggering of the T-cell antigen receptor raises
intracellular free calcium levels and activates
the calmodulin-dependent phosphatase calci-
neurin that then dephosphorylates the NFATs.
The dephosphorylation of NFAT allows their
translocation to the nucleus and promotes
their binding to target genes. The rate limiting
step for NFAT activation is thus the activation
of a phosphatase: the kinases act as negative
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regulators of NFAT induced gene transcription
(Oh-hora and Rao 2008).

REDUNDANCY BETWEEN SERINE/
THREONINE KINASES IN T CELLS

Studies of the function of serine/threonine ki-
nases in T cells have been complicated by the
fact that many cells coexpress multiple isoforms
of a kinase making it difficult to assess the func-
tion of these molecules with simple single-gene
deletion strategies. For example, there are three
isoforms of PKB: These may have unique roles
but are also quite redundant with each other.
Hence, in T-cell progenitors in the thymus there
is very little impact of deleting a single PKB iso-
form; the deletion of two isoforms PKBa and
PKBb inhibits cell proliferation whereas the
combined deletion of all three PKB isoforms
inhibits the T-cell survival response (Fayard
et al. 2007; Juntilla et al. 2007; Mao et al. 2007).
There can even be redundancy among different
members of a familyof kinases. For example, the
p90 ribosomal S6 kinase (RSK) can substitute
for p70 ribosomal S6 kinases (S6Ks) and con-
verge to phosphorylate the S6 ribosomal subu-
nit, a key component of the translational
machinery in eukaryotic cells that is essential
for ribosome biogenesis (Salmond et al. 2009).
Additionally, both PKB and SGK can phosphor-
ylate and inactivate FoxO transcription factors
(Brunet et al. 2001; Burgering 2008) (Fig. 2).

One way to evade issues of kinase redun-
dancy and gain an understanding of the func-
tional importance of a kinase family is to
delete a rate limiting upstream regulator that
will simultaneously inactivate multiple mem-
bers of a kinase family. In this context, PDK1
phosphorylates and activatesmultiplemembers
of the AGC kinase family including PKB/Akt,
RSK, S6K, and PRKs. The deletion of PDK1
can thus eliminate the activity of multiple
AGC family kinases (Lawlor et al. 2002).
Accordingly, studies that explored the impact
of PDK1 deletion in T-cell progenitors in the
thymus have been much more informative
about the role of AGC kinases in T cells than
studies of T cell lacking individual members
of this kinase family (Hinton et al. 2004). Hence

the differentiation and proliferative expansion
of pre-T cells in the thymus is dependent on sig-
naling pathways mediated by PDK1. However,
the substitution of wild-type PDK1 with a
PDK1 L155E mutant that supports full PKB
activation in T cells is not sufficient to restore
normal thymus function (Kelly et al. 2007).
The substitution of leucine (L) 155 in PDK1
with glutamate (E) disrupts the integrity of an
important PDK1 domain termed the PIF bind-
ing pocket. This domain is not required for PKB
phosphorylation but is necessary for PDK1 to
interact with phosphorylated carboxy-terminal
hydrophobic motifs in S6Ks and RSK and is
necessary for PDK1 to activate these AGC ki-
nases by phosphorylating their catalytic domains
(Collins et al. 2003). A comparison of the func-
tion of wild type and the PDK1 L155E mutant
thus reveals how multiple AGC serine kinases
and not just PKB are important in T-cells (Kelly
et al. 2007).

The abilityof PDK1 to control the activity of
many AGC kinases has generated the concept
that some kinases act as “master” kinases. It is
not yet clear how general this concept is for T
cells but there is at least one more example
that should be considered. Hence, LKB1 (or ser-
ine/threonine kinase 11-STK11) is a kinase that
phosphorylates critical activating residues in
the catalytic domains of multiple members of
the AMPK family including the a1 and a2 iso-
forms of AMPK and NUAK1-2, BRSK1-2, QIK,
QSK, SIK, MELK, and MARK1-4 kinases
(Alessi et al. 2006) (Fig. 3). These kinases are
thought to be essential to control cell polarity
and to control cellular responses to energy
stress. However, elimination of single members
of the AMPK family of kinases such as deletion
of AMPK a1 or loss of singleMARK kinases has
only had a relatively minor effect on peripheral
T cells and causes no problems for T-cell devel-
opment in the thymus (Mayer et al. 2008; Lin
et al. 2009). This could indicate that AMPK
family kinases are physiologically irrelevant for
T-cell biology but the data are equally consis-
tent with the idea that there is redundancy
among different AMPK family members for
both energy metabolism and the control of
T-cell polarity. In this respect, T-lineage specific
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deletion of LKB1 shows that LKB1 is essential
for the survival and development of TCRb se-
lected T-cell progenitors in the thymus and is
also required for survival and proliferation of
peripheral CD8 T cells (Cao et al.; Tamás et al.
2010). Importantly, LKB1 appears to be re-
quired for several key metabolic processes in T
cells. For example, LKB1 controls expression
of CD98, a key subunit of the L-system amino
acid transporter in T cells and is also required
to sustain the phosphorylation of the ribosomal
S6 subunit (Tamás et al. 2010). As discussed, the
role of LKB1 is to phosphorylate and activate
multiple AMPK family members. To date there
are no reports that the loss of a single AMPK
isoform phenocopies the loss of LKB1 (Mayer
et al. 2008). Hence it appears that there is in
vivo redundancy among different AMPK family
members for the control of T-cell metabolism;
the elimination of LKB1 circumvents this
redundancy by simultaneously eliminating
activation of multiple AMPK family members
(Tamás et al. 2010).

PROTEINPHOSPHORYLATION INTCELLS: A
LINK BETWEEN THE PLASMA MEMBRANE
AND THE NUCLEUS

One of the first examples of how a pathway of
protein phosphorylation could couple signals
generated at the plasma membrane to events
in the cell nucleus came from studies of NFATs

that are cytosolic and inactivewhen phosphory-
lated and only localized in the nucleus and able
to regulate their target genes when they are
dephosphorylated (Hogan et al. 2003) (Fig. 4).
NFAT dephosphorylation is regulated by the
TCR that controls intracellular calcium levels
and the activity of the calcium phosphatatase
calcineurin (Oh-hora and Rao 2008). In the
case of NFAT protein, phosphorylation is a neg-
ative regulator of transcriptional activity. How-
ever, there are also examples of pathways of
protein phosphorylation that positively regulate
gene transcription notably from studies of the
MAP kinases. Hence, Erk1/2 phosphorylate
and activate the ternary complex factor (TCF)
subfamily of ETS-domain transcription factors
Elk-1, SAP1, and SAP2 that control immediate
early gene expression in T cells (e.g., c-fos,
Egr1, and EgR3) (Costello et al. 2004). The
TCFs also control the transcription of dual spe-
cificity (Thr/Tyr) MAPK phosphatases that
initiate a negative regulatory feedback pathway
that acts to limit the duration and magnitude
of ERK activity (Owens and Keyse 2007).

The consideration of NFAT regulation il-
lustrates that one key way in which protein
phosphorylation is important to control cell
function is that it can promote protein interac-
tions that can modify protein activity and sub-
cellular localization (Fig. 4). In this context,
14-3-3 proteins (14-3-3s) are highly conserved
dimeric molecules that bind to phosphorylated
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Figure 3. LKB1 is a “master kinase.” LKB1 phosphorylates and activates 13 kinases within the AMPK family of
protein kinases.
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serine and threonine sites in a wide range of
proteins (Johnson et al.; Dubois et al. 2009;
Morrison 2009). 14-3-3s target proteins inc-
lude transcription factors, chromatin regula-
tors, enzymes, and structural components of
vesicle and protein trafficking. In lymphocytes,
one example of how protein phosphorylation
and 14-3-3 proteins can coordinate programs
of gene expression is in the context of class II
histone deacetylases (HDACs) (Martin et al.
2007). These control the acetylation/deacetyla-
tion of nucleosomal histones, regulate chroma-
tin accessibility and also control gene activity
by repressing the activity of MEF2 transcrip-
tion factors. The suppressive effects of class II

HDACs on gene transcription can be relieved
by triggering of the antigen receptor that leads
to the phosphorylation of serine residues within
the amino-termini of the HDACs (Matthews
et al. 2006; Martin et al. 2007). The proposed
HDAC kinase is the diacyglycerol-regulated
kinase protein kinase D. Phosphorylation at
the regulatory sites promotes the redistribution
of class II HDACs from the nucleus to the cyto-
sol allowing them to bind to 14-3-3 complexes
thus disrupting repressive interactions between
HDACs and histones and/or transcription fac-
tors and allowing gene transcription to occur
(Matthews et al. 2006). The regulated protein
phosphorylation of class II HDACs is thus a
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Figure 4. Phosphorylation determined intracellular localization. In quiescent T cells constitutively active
kinases (DYRK, GSK3, and CK1) maintain NFAT transcription factors in a phosphorylated state excluding
them from the nucleus. In contrast, the kinases that regulate FoxO transcription factors and histone deacetylases
(HDACs) are inactive in quiescent cells allowing FoxOs to access the nucleus and control genes involved in T-cell
trafficking and survival whereas HDACs repress gene expression through modulating chromatin structure. Fol-
lowing triggering of the T-cell receptor (TCR) FoxO transcription factors and HDACs are phosphorylated,
resulting in their cytosolic sequestration by 14-3-3 proteins, thus preventing their nuclear actions. Meanwhile,
the Ca2! activated phosphatase, calcineurin, dephosphorylates NFAT transcription factors allowing nuclear
entry and the expression of key cytokine genes.
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key epigenetic control mechanism that deter-
mines gene expression in lymphocytes and
HDAC-regulated genes in T cells are extensive
and include genes that control both positive
and negative selection of thymocytes (Kasler
and Verdin 2007) (Fig. 4).

Another evolutionarily conserved set of tran-
scription factors controlled by protein phos-
phorylation and 14-3-3s in lymphocytes are
the Forkhead box O (FoxO) family of transcrip-
tion factors FoxO 1, 3a, and 4 (Burgering 2008).
Nonphosphorylated FoxO 1, 3a, and 4 are
found in the nuclei of quiescent T cells where
they drive transcription of genes encoding cyto-
kine receptor and transcription factors (Coffer
and Burgering 2004; Fabre et al. 2008; Kerdiles
et al. 2009). For example, FoxOs drive expres-
sion of the receptor for interleukin 7, an essen-
tial homeostatic cytokine for T cells (Kerdiles
et al. 2009; Ouyang et al. 2009). FoxO activity
in naı̈ve and memory T cells also controls the
expression of the transcription factor KLF2
that directly regulates the gene transcription of
key adhesion molecules and chemokine recep-
tors that control T-cell entry and egress from
secondary lymphoid tissues (Carlson et al.
2006; Finlay et al. 2009; Kerdiles et al. 2009;
Waugh et al. 2009) (Fig. 4). FoxO 1 and 3a are
substrates for PKB and their phosphorylation
results in their nuclear export; phosphorylated
FoxO transcription factors are then retained in
the cytosol in a complex with 14-3-3 proteins
ensuring the termination of FoxO-mediated
gene transcription (Carlson et al. 2006; Burger-
ing 2008) (Fig. 4).

The importance of PKB-mediated phos-
phorylation and inactivation of FoxOs is easily
illustrated. First, the deletion of FoxOs in naı̈ve
T cells disrupts T-cell homing and survival
(Kerdiles et al. 2009; Ouyang et al. 2009). It is
also clear that much of the T-cell pathology
caused by deletion of the tumor suppressor
PTEN (phosphatase and tensin homolog de-
leted on chromosome 10) can be ascribed to
FoxOderegulation. PTEN is a lipid phosphatase
with specificity for the 30 position of PIP3 and
its deletion causes T cells to accumulate high
levels of PIP3 and hence drives PDK1-mediated
phosphorylation and activation of PKB with

the resultant phosphorylation and inactivation
of the FoxO1, 3a, and 4 (Finlay et al. 2009).
This loss of FoxO transcriptional activity im-
mediately causes loss of KLF2 expression and
loss of expression of the KLF2 targets L-se-
lectin/CD62L and CCR7 (Finlay et al. 2009).
CD62L/L-selectin plays a fundamental role
controlling the transmigration of T cells across
high endothelial venules (Arbones et al. 1994)
and the chemokine receptor CCR7 controls
lymphocyte entry and retention in lymphoid
tissues (Forster et al. 2008). Consequently the
loss of FoxO activity in PTEN null cells changes
the expression of key trafficking receptors in T
cells and prevents these from cells undergoing
their normal migration from blood into secon-
dary lymphoid tissue (Finlay et al. 2009). These
trafficking defects are not observed following
deletion of PDK1, which causes loss of FoxO
phosphorylation and restores FoxO transcrip-
tional activity (Finlay et al. 2009). It is also strik-
ing that the activation of PDK1-mediated
protein phosphorylation in PTEN null cells is
key for T lymphomagenesis. Hence the tissue
specific deletion of PTEN in thymocytes using
Cre-loxP strategies results in T leukemogenesis
or lymphomagenesis but PTEN null T-cell pro-
genitors cannot transform or develop into inva-
sive and fatal T lymphoma without PDK1
(Finlay et al. 2009).

CONCLUDING REMARKS

Recent studies have begun to reveal how protein
phosphorylation reversibly regulates key proc-
esses in T lymphocytes. However, we have only
uncovered a fraction of the relevant information
and progress is constantly hampered by tech-
nical difficulties. It is still relatively difficult to
study protein phosphorylation and the ration-
ale for focusing on particular pathways of pro-
tein phosphorylation frequently stems from
reagent availability rather than any intellectual
deliberation. For example, the MAP kinases
Erk1/2 are particularly well studied in T cells
for pragmatic reasons: There are high quality
phosphospecific monoclonal antibodies that se-
lectively recognize phosphorylated and activated
Erks and that can be used for single-cell analysis
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of ERK activity using flow cytometry. It is much
harder to study many other kinase pathways
using analogous reagents. However, as advances
in technology reveal the magnitude and com-
plexity of the T-cell phospho-proteome it is
becoming clear that there are unique functions
in T cells for ubiquitously expressed serine/
threonine kinases. It is also clear that studies
of serine/threonine kinases can generate a mo-
lecular understanding of how signal transduc-
tion pathways control T-cell function. Such
studies have the added advantage that they pro-
vide a clear indication of the molecules that
might be useful targets for manipulation of the
immune response.
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