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Abstract

The Src family kinase Lck is crucial for initiation of T cell antigen receptor (TCR) signaling. Lck
is tightly controlled to prevent erroneous immune activation, yet allows rapid responses over a
range of sensitivities to antigens. Here, using an analog-sensitive Csk we report that Lck is
dynamically controlled by a Csk:CD45-controlled equilibrium in T cells. By rapidly inhibiting
Csk, we show that changes in this equilibrium are sufficient for activation of the canonical TCR
signaling pathways independent of TCR stimulation. The activated signaling pathways show
sustained and marked hyperphosphorylation, revealing a feedback circuit that is sensitive to basal
signaling activity and is capable of adapting to changes in basal signal transduction machinery.
We identify the inhibitory adaptor molecule Dok-1 as a candidate in the adaptive response to
alterations in basal signaling activity. Our results also suggest a novel role for Csk in terminating
or dampening of TCR signals.

INTRODUCTION

Cell surface receptors, such as the TCR, are studied in the context of ligand activation, and
are controlled by a threshold of activation dependent on ligand affinity and avidity. TCR
signaling is critical for the development, survival and activation of mature lymphocytes.
TCR signal strength greatly influences the repertoire of TCRs on the T cells that populate
the immune system. Sufficient activation of TCR signaling is necessary for differentiation of
naive T cells into effector and memory T cells during an immune response. Comparatively
little work has focused on the basal state of the TCR before ligand binds. Here we uncover
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an unexpected level of basal signaling of the TCR in the absence of ligand, suggesting the
cytoplasmic network is poised to rapidly respond, yet is restrained by a single negative
regulatory kinase.

The TCR complex contains no endogenous kinase function, but uses the Src family kinase
(SFK) Lck to phosphorylate paired tyrosine residues in cytoplasmic immunoreceptor
tyrosine-based activation motifs (ITAMs) in each of the CD3- and {-chains of the TCR. The
tyrosine kinase C-terminal Src Kinase (Csk) is a critical negative regulator of SFK activity,
phosphorylating the conserved C-terminal inhibitory tyrosine in Lck, Y505. Phosphorylation
of Lck Y505 results in stabilization of an inactive conformation that prevents Lck access to
substrates and catalytic function. In T cells, Csk-mediated phosphorylation of Y505 is
functionally opposed by the non-receptor tyrosine phosphatase CD45, which
dephosphorylates Y505, poising Lck for its ITAM—phosphorylating function. In contrast to
Y505, phosphorylation of the conserved Y394 in the activation loop of the Lck catalytic
domain is associated with increased kinase activity, although recent work suggests TCR
stimulation may not markedly alter total Y394 phosphorylation (1).

Within the immune system, Csk is crucial for controlling lymphocyte development and
preventing aberrant activation of immune cells. Csk is regulated primarily by its subcellular
localization and by interactions with other proteins via its SH2 and SH3 domains. In
unstimulated T cells, Csk is enriched in plasma membrane lipid raft fractions, the result of
putative SH2-mediated interactions with lipid-raft enriched adaptors, including PAG
(Phosphoprotein associated with glycosphingolipid-enriched microdomains) (2, 3) and,
presumably other proteins. Following TCR stimulation, PAG is rapidly dephosphorylated by
an unknown mechanism, releasing Csk into the cytoplasm. Disassociation of active Csk
from the plasma membrane favors the action of CD45, promoting the activity of Lck and
other SFKs (4). Because PAG-deficient T cells have no obvious phenotype, other yet
unknown membrane recruitment mechanisms for Csk are likely to exist.

The regulation of Lck is critical for orchestrating the threshold sensitivity and strength of
TCR signaling. However, it remains unclear if in resting T cells the activation state of Lck is
“fixed’ or is the result of dynamic equilibrium of on-going Csk and CD45 activity. In a fixed
state, Lck activation would require specific changes in the localization or catalytic activities
of its regulatory proteins, whereas a dynamic equilibrium of Csk and CD45 might
continuously alter the phosphorylation status and activity of Lck. Hence, a small imbalance
in the activities of either CD45 or Csk would be sufficient to alter Lck activity. Rapid
perturbation of Csk function has been hampered due to the prolonged time needed to express
exogenous alleles of mutant signaling proteins. No selective small molecule inhibitor of Csk
is available, as Csk inhibitors invariably also inhibit SFKs. Furthermore, Csk™/~ mice suffer
early embryonic lethality, and loss of Csk during early T cell development results in aberrant
T cell development (5, 6).

To characterize the role of Csk in regulating basal and induced signaling downstream of the
TCR, we established a small-molecule controlled Csk allele, CskS capable of inhibiting
TCR activation, particularly when CskAS is localized to the plasma membrane. Rapid and
specific inhibition of membrane-targeted Csk”S results in potent and sustained signal
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transduction and cell activation. This activation is independent of TCR ligation, but utilizes
canonical TCR signaling components. These findings reveal a feedback control mechanism
that is sensitive to the level of basal signaling by the TCR pathway, and adapts to alterations
in the basal signal transduction machinery. We also suggest a new role for Csk in the
termination or dampening of the antigen receptor response. Finally, we identify the
inhibitory adaptor Dok-1, a protein involved in membrane recruitment of Csk and inhibition
of antigen receptor signaling in T cells, as a candidate in the adaptive response to alterations
in basal signaling levels.

Generation of the Csk”S T266G allele permits rapid and specific chemical inhibition

To achieve selective inhibition of Csk, we mutated the ‘gatekeeper’ residue, thereby
enlarging the ATP-binding pocket of Csk. The resulting analog-sensitive allele is referred to
asCsk”S (Fig. 1A), and can accommodate bulky analogs of the nonselective kinase inhibitor
PP1(7). In addition, the amino-terminus of Lck was fused to CskAS to enrich its localization
to lipid rafts, and is referred to as membrane-Csk”S. Because no Csk-null T cell lines exist,
and ablation of Csk in early T cell development results in aberrant maturation of T cells with
altered expression of TCR and coreceptors, we expressed Csk”Salleles in the human Jurkat
T cell line, which has low levels of Csk present at the membrane in resting cells and for
which signaling pathways have been well-characterized.

Transfection of either membrane-CskWT or -Csk”Sinto Jurkat T cells efficiently blocked
TCR-mediated activation, as assessed by upregulation of the early activation marker CD69
(Fig. S1), but was insufficient to block activation in response to phorbol myristate acetate,
which activates protein kinase C downstream of the TCR. A library of PP1 analogs was
screened for their selective ability to block the inhibitory effects of membrane-Csk”S on T
cell activation (Fig. S1). Whereas the nonselective kinase inhibitor PP1 blocked activation
of all cell types, bulky PP1 analogs were unable to block TCR-mediated activation of
vector-transfected cells. 3-1B-PP1 was identified as a selective inhibitor of Csk”S, but not of
CskWT (Figs. 1B and S1C, D). Treatment of transfected cells with 3-1B-PP1 blocked the
membrane-CskAS inhibitory function, as assessed by phospho-Erk induction, with ECs
values of approximately 0.5 uM (Fig. 1C). However, at comparable levels of expression the
cytoplasmic-Csk”S allele did not inhibit TCR-induced Erk activation.

Inhibition of CskAS catalytic function activates proximal TCR signaling pathways

To characterize the effects of 3-1B-PP1 on Csk”S activity, we examined the phosphorylation
of the activating (Y394) and inhibitory (Y505) tyrosines of Lck following inhibition of
CskAS with 3-1B-PP1. In control cells, TCR stimulation resulted in decreased
phosphorylation of the inhibitory Y505 residue within 2 minutes, with further decreases seen
by 10 minutes (Fig. 2A). In contrast, total phosphorylation of the activating Y394 residue
was not substantially changed in response to TCR stimulation, in accord with recent
studies(1). However, Lck migrated more slowly due to Erk-mediated phosphorylation of
S57 in Lck (8). This pattern of Lck phosphorylation was similar in control cells pretreated
with 3-1B-PP1, supporting the insensitivity of endogenous Csk to 3-IB-PP1 pretreatment.
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Vehicle-treated cytoplasmic-Csk”S cells had a moderate increase in inhibitory Lck Y505
phosphorylation in the basal state compared to control cells, but lost Y505 phosphorylation,
and phosphorylated Lck S57 in response to TCR stimulation. These data are consistent with
the notion that only minimal amounts of CskAS and endogenous Csk are localized to the
plasma membrane of resting cells and both are under normal regulatory control mechanisms.
In contrast, resting membrane-Csk”S cells had markedly increased Lck Y505
phosphorylation and only minimally detectable Lck Y394 phosphorylation, which did not
change following TCR stimulation. Thus, as previously described (9), membrane-CskAS
potently inhibits Lck.

The effects of Csk”S inhibition by 3-1B-PP1 on Lck activation were striking and
unanticipated. Whereas pretreatment of control cells with 3-1B-PP1 did not affect the
phosphorylation of Lck, pretreatment of cytoplasmic- or membrane-Csk”S cells resulted in
markedly reduced Lck Y505 phosphorylation and large increases in Lck Y394
phosphorylation. It is important to emphasize that activation of Lck in response to CskAS
inhibition occurred in the absence of TCR stimulation. These data indicate that inhibition of
CskAS catalytic activity is sufficient to result in ligand-independent Lck activation, even
when only a small amount of Csk”S is present at the membrane, as is the case for
cytoplasmic-CskAS,

Lck is responsible for phosphorylating ITAMs of the TCR complex and initiating TCR-
mediated signaling. TCR stimulation of control cells induced phosphorylation of the {- and
CD3e-chains, as did treatment of membrane-CskAS cells with 3-1B-PP1 (Fig. S2). Relative
to TCR-stimulated control cells, 3-1B-PP1-treated Csk”S cells had greater phosphorylation
of the {-chain, which correlated with increased recruitment and phosphorylation of the
cytoplasmic tyrosine kinase {-chain-associated protein Kinase 70 (ZAP-70). To quantify the
amount of {-chain phosphorylation we used a flow cytometric-based approach. Following
TCR stimulation, control or cytoplasmic-CskAS cells increased ¢-chain phosphorylation 2-4-
fold (Figs. 2B-C). In marked contrast, TCR stimulation of vehicle-treated membrane-CskAS
cells did not lead to an increase in {-chain phosphorylation. Although Lck Y394
phosphorylation was increased to a similar extent in cytoplasmic- and membrane-Csk”S
cells pretreated with 3-1B-PP1 (Fig. 2A), the extent of {-chain phosphorylation was much
greater in cells expressing membrane-Csk”S, which increased {-chain phosphorylation 5- to
10-fold following 3-1B-PP1 treatment. In both cytoplasmic- and membrane-CskAS cells, ¢-
chain phosphorylation could be further increased by TCR stimulation. Control cells
responding to TCR stimulation had peak {-chain phosphorylation at 5 minutes, returning to
basal levels by 45 minutes (Fig. 2D). In contrast, membrane-Csk”S cells continued to
increase {-chain phosphorylation over the course of 1 hour. Thus, phosphorylation of
proximal signaling proteins is augmented and sustained in response to Csk”S inhibition,
relative to TCR stimulation of control cells. This suggests that rather than a return to basal
conditions, hyperactivation or an ‘over-shoot’ of Lck activity is observed when CskAS
function is inhibited. This effect is amplified in cells expressing the more inhibitory form of
CskAS that is targeted to the membrane.
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TCR signaling is augmented and prolonged following inhibition of CskAS activity

TCR stimulation has been reported to result in sudden dephosphorylation of PAG in T cells,
causing the rapid dissociation of Csk to the cytoplasm. Csk reappears in lipid rafts within
5-10 minutes of stimulation (4, 10). The increased and sustained {-chain phosphorylation
following membrane-Csk”S inhibition suggests that normal mechanisms to control TCR-
signaling are altered. Following 3-1B-PP1 treatment, membrane-Csk”S cells exhibited rapid
and prolonged induction of tyrosine phosphorylation of several proteins, including the 21-23
kDa C-chain (Fig. 3A). The overall pattern of tyrosine phosphorylation is similar to TCR-
stimulated control cells, with the exception of a 65kDa phosphoprotein seen in the 3-1B-PP1
stimulated cells (marked with *). This suggests activation of similar signaling events by
inhibition of membrane-Csk”S or in response to TCR stimulation in control cells.

We next compared the phosphorylation of specific signaling proteins in response to TCR
stimulation of control cells versus inhibition of membrane-Csk”S cells (Fig. 3B). ZAP-70
binds to the Lck-phosphorylated C-chains, and is phosphorylated by Lck on Y315 and Y319
to maintain an active conformation (11). Y493 is located in the ZAP-70 kinase activation
loop, and can be phosphorylated by Lck or ZAP-70 itself. Both Y319 and Y493 exhibited
enhanced and sustained phosphorylation following membrane-Csk”S inhibition. Active
ZAP-70 is necessary for the phosphorylation of two critical adaptor proteins: linker for
activation of T cells (LAT) and SH2 domain-containing leukocyte protein of 76KDa
(Slp-76). Together, phosphorylated LAT and Slp-76 create a platform for recruitment of
numerous other molecules necessary for downstream signaling events that direct
transcriptional responses and induce cell proliferation. Similar to ZAP-70, greater and more
prolonged LAT phosphorylation was observed in response to 3-1B-PP1, correlating with
sustained signaling downstream including ERK phosphorylation. Thus, inhibition of
membrane-Csk”S was sufficient to rapidly activate and induce sustained signaling events
associated with the canonical TCR signaling pathway, but did so in a ligand-independent
manner.

Activation of distal signaling events and cellular activation is induced by Csk”S inhibition

Lck-mediated phosphorylation of TCR ITAMs and ZAP-70 are necessary for inducing
cytoplasmic calcium increases ([Ca2*];) and MAPK activation, which coordinate
transcriptional responses, including CD69 and IL-2. To examine if the phosphorylation
events described above were sufficient to activate downstream signaling and induce cellular
activation, we examined the calcium and phospho-ERK responses as well as CD69
induction. Similar to control cells, cytoplasmic-Csk”S cells increased [Ca2*]; in response to
TCR stimulation or ionomycin (Fig. 4A). However, membrane-Csk”S cells were unable to
increase [Ca%*); in response to TCR stimulation, consistent with their inability to activate
Lck or phosphorylate ITAMs. However, cells expressing either the cytoplasmic- or the
membrane-Csk”S proteins increased [Ca%*]; in response to Csk”S inhibition alone,
independent of TCR engagement. Similarly, vehicle-treated control cells and those
expressing cytoplasmic-Csk”S, but not membrane-Csk”S proteins, increased phospho-ERK
in response to TCR stimulation (Fig. 4B). A small portion of cells expressing a high amount
of cytoplasmic-CskAS increased phospho-ERK in response to CskS inhibition. However,
most cells expressing membrane-Csk”S phosphorylated ERK in response to 3-1B-PP1. Only
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those cells expressing the highest amount of membrane-Csk”S are unable to phosphorylate
ERK or flux calcium (as evident by a moderate reduction in calcium flux) upon 3-1B-PP1
inhibition. Consistent with the role of sustained Ras-MAPK signaling for CD69
transcription, membrane-Csk”S cells treated with 3-1B-PP1 alone, but not vehicle nor TCR-
stimulated alone, expressed CD69 (Fig. 4C). Cytoplasmic-Csk”S cells were able to induce
CD69 in response to either Csk”S inhibition or TCR stimulation.

We verified that these adaptive over-shoot signaling events also occurred in primary T cells
by introducing cytoplasmic- and membrane-CskAS into primary mouse T cells. Mouse T
cells transfected with vector alone or Csk”S had low basal Lck and ERK activation (Fig.
S3). TCR stimulation of vector cells demonstrated a moderate increase in Lck Y394
phosphorylation and robust ERK activation. Consistent with the data observed in Jurkat T
cells, inhibition of Csk”S with 3-1B-PP1 induced Lck activation and ERK phosphorylation.

Thus, we have demonstrated that membrane-Csk”S is a potent inhibitor of TCR stimulation.
However, blockade of Csk”S catalytic function not only releases the Csk-mediated
inhibition, but is sufficient to activate T cells independently of TCR stimulation. In the
presence of 3-1B-PP1, CskAS cells show an augmented and sustained phosphorylation of
signaling proteins, relative to the response to TCR stimulation in control cells. These
phosphorylation events are most robust when CskAS has been targeted to the membrane.
Rather than a return to the normal pattern and signaling requiring TCR stimulation following
CskAS inhibition, a hyperphosphorylation or “adaptive over-shoot” of signaling is observed.
Together, these data suggest that ectopic expression of Csk”S, particularly when targeted to
the membrane, dampens basal signaling in resting cells engaging a compensatory adaptive
mechanism to respond to this impaired state. Upon Csk”S inhibition, we hypothesize that
this mechanism is responsible for the unexpected increases in phosphorylation of signaling
proteins. The more prolonged response seen with Csk”S inhibition also suggests that Csk
may play a role in terminating TCR signaling.

The compensatory adaptive mechanism requires expression of TCR, CD45, and Lck

In resting T cells, the TCR is constitutively internalized and rapidly recycled back to the cell
surface. Strong antigenic stimulation induces {-chain degradation via Lck-dependent
mechanisms. Consistent with the inhibition of basal Lck activity, T cells expressing
membrane-Csk”S had decreased basal TCR internalization, resulting in elevated levels of
surface TCR complexes (Fig. S4). Following Csk”S inhibition, TCR surface levels were
down-modulated to a level equivalent to TCR-stimulated control cells. We found surface
expression of the TCR or other ITAM-containing receptors is required for induction of
signaling upon inhibition of Csk”S catalytic function, since no response was observed in
TCRB-deficient cells transfected with membrane-Csk”S and inhibited with 3-1B-PP1 (Fig.
S5). However, increased TCR or ITAM-containing receptor expression is not responsible for
the adaptive over-shoot observed when CskAS is inhibited, since cell lines that express either
lower surface TCR or a fixed amount of a CD8-( chimeric receptor in the absence of TCR
are activated in a manner similar to WT Jurkat cells (Figs. S5 and S6).

Jurkat mutants deficient for CD45, Lck, ZAP-70 or Slp-76 have revealed the role of these
molecules in the initiation of proximal TCR signaling pathways. Signaling downstream of
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the TCR is blocked in cells deficient in either CD45 (J45) or Lck (J.CaM1) (Fig. 5A). As
expected, inhibition of membrane-Csk”S when expressed in these cell lines did not induce
downstream signaling events (Fig. 5B). Thus, Lck is required for phosphorylation of the -
chain and requires CD45 for its activation in response to both TCR stimulation and
activation of signaling in response to Csk”S inhibition. ZAP-70-deficient P116 cells are also
defective in their ability to respond to TCR stimulation, however inhibition of membrane-
CskAS was still sufficient to induce phosphorylation of {-chain and Lck Y394. However, the
ERK-dependent Lck S57 upper band was largely absent following Csk”S inhibition,
presumably due to the inability of P116 cells to signal downstream of ZAP-70. SLP-76-
deficient J14 T cells could activate proximal signaling events in both control and membrane-
CskAS transfected cells in response to TCR stimulation or 3-1B-PP1 treatment, respectively;
however distal signaling events such as ERK phosphorylation were impaired in both
settings. These findings suggest that the compensatory adaptive mechanism for Lck and (-
chain phosphorylation does not require signaling events dependent upon ZAP-70 and
SLP-76, but does require events more receptor-proximal components.

Positive and negative feedback loops have been implicated in the regulation of Lck to
explain signaling differences related to strength of TCR engagement (8). In this model,
strong TCR ligands activate a positive feedback loop involving ERK-mediated
phosphorylation of Lck S57, which prevents recruitment of the inhibitory phosphatase
SHP-1 to inactivate TCR signaling. Given the importance of Lck activation for the sustained
hyperactivation of TCR-dependent signaling in response Csk”S inhibition, we examined the
requirement for ERK-mediated phosphorylation of Lck in 3-1B-PP1-induced activation. As
predicted, inhibition of MEK activation by U0126 prior to 3-1B-PP1 treatment led to a block
in ERK activation following Csk”S inhibition (Fig. 5C). Additionally, the upper S57-
phosphorylated band of Lck was notably reduced in U0126-pretreated cells. However, the
level of proximal signaling (phosphorylation of Lck Y394 and -chain) was unaffected by
MEK inhibition (Figs. 5C, D), suggesting that the previously reported ERK-mediated
phosphorylation feedback mechanism is not required for the augmented signaling following
CskAS inhibition. Thus, we conclude that the compensatory adaptive mechanism that occurs
in response to Csk”S expression requires expression of TCR, CD45 and Lck, but involves
molecules(s) upstream of ZAP-70, Slp-76, and ERK.

Dok-1 is phosphorylated and interacts with Csk following Csk”S inhibition

Endogenous Csk is dynamically recruited to the cell membrane due to interactions of its
SH2 domain with phosphorylated tyrosines in membrane-anchored adaptor molecules.
However, membrane-Csk”S is constitutively enriched in lipid rafts of the plasma membrane.
Despite this, the SH2 domain may still interact with phospho-proteins important to the
regulation of signaling. We postulated that if this were true, expression of membrane-CskAS
with an SH2 mutation would alter signaling differently following 3-1B-PP1 treatment.
Indeed, mutation of the SH2 domain of Csk”S resulted in a clear diminution in {-chain
phosphorylation as well as other proteins following Csk”S inhibition (Fig. 6A). We further
observed a tyrosine-phosphorylated band of ~65kDa that was less phosphorylated with the
SH2 mutation. We were particularly interested in identifying this 65kDa protein because it's
uniquely phosphorylated in cells in which either cytoplasmic- or membrane-Csk”S had been
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inhibited by 3-1B-PP1 (Figs. 3A, 5B). Phosphorylation of this band occurs within 30
seconds of CskAS inhibition, and is detectable for at least 30 minutes. However, this 65kDa
phospho-protein is undetectable prior to Csk inhibition or in response to TCR stimulation.
Furthermore, immunoprecipitates of membrane-Csk”S showed a strong interaction with a
tyrosine-phosphorylated protein of 65kDa following Csk”S inhibition by 3-1B-PP1, which
was reduced when the SH2 domain was mutated (Fig. 6B). We hypothesized that the 65kDa
protein may interact with CskAS via its SH2 domain and might play a role in the adaptive
“over-shoot” response. Mass spectrometry analysis of Csk”S-Myc immunoprecipitations
identified various peptides but a single peptide was from the 65kDa band as the adaptor
molecule p629ok! (Downstream of Kinase 1; Dok-1) (Fig. 6C, S7). Interestingly, the Dok-1
peptide identified was tyrosine-phosphorylated and encompassed Y449, a known binding
site for the SH2 domain of Csk.

Dok-1 is a scaffolding protein that has been reported to play a negative regulatory role in
receptor signaling and cell activation in several cell types, including T cells (12). Dok-1's
inhibitory effect requires its localization to the membrane via binding of its plextrin
homology domain to phospholipids (13). Phosphorylation of Dok-1 on Y449 by SFKs
creates the Csk-binding site (14) identified by mass spectrometry, and is a likely mechanism
for membrane recruitment of Csk following receptor stimulation. Indeed, we found Dok-1
phosphorylation was markedly increased when Csk”S was inhibited (Fig. 6D).
Immunoprecipitation and partial depletion of Dok-1 from membrane-CskAS cells further
confirmed its identity as at least a component of the 65kDa protein band seen in lysates.
Importantly, inhibition of Csk”S and phosphorylation of Dok-1 induced a CskS-Dok-1
interaction. We suggest that Dok-1 is phosphorylated by Lck and may serve as an adaptor
that normally senses Lck activity and recruits Csk to the plasma membrane, particularly
following antigen receptor stimulation. Its hyperphosphorylation by Lck and association
with CskAS may play a role in the adaptation and “over-shoot” mechanism that we have
observed following membrane Csk”S inhibition.

DISCUSSION

We have generated a novel analog-sensitive variant of Csk, whose catalytic function can be
rapidly and dynamically controlled, which we used to probe the role of Csk in controlling
basal and induced signaling downstream of the TCR. Since Csk is a ubiquitous regulator of
SFK activity, these findings may be applicable to other receptor systems dependent on SFK
activity. In our studies constitutive association of CskAS with the plasma membrane potently
inhibited SFK activity and TCR signaling compared to a cytoplasmic-Csk”S, consistent with
previous data (9). Inhibition of Csk”S led to unanticipated activation of the canonical TCR
signaling pathway in the complete absence of ligand binding to the TCR. Upon CskAS
inhibition, hyperphosphorylation of proximal signaling molecules indicates that ectopic
expression of Csk”S may have reset basal signaling tone in the cell. Furthermore, signaling
induced by inhibition of Csk”AS was more sustained than signaling following direct TCR
stimulation. These findings suggest a compensatory adaptive mechanism that monitors and
controls basal signaling, at least, by SFKs.
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These studies suggest that an important function of basal signaling is to monitor and respond
to changes in tonic activity of key signaling components. Direct evidence for basal signaling
in T cells has been limited, but recent results suggest a role of basal signaling in survival,
transcription and effector function. Inducible deletion of surface TCR expression results in a
shortened half-life of mature T cells (15). Ablation of TCR signaling perturbs gene
expression profiles and sensitivity to foreign antigens (16, 17). Expression of the tandem
SH2 domains of ZAP-70 markedly increases ITAM phosphorylation in the absence of TCR
stimulation (18). A substantial amount of the ZAP-70 tandem SH2 domains associate with
ITAMs in resting cells, suggesting that on-going Lck phosphorylation of {-chain is protected
from phosphatases by binding of ZAP-70 in the basal state. Our data imply that basal
signaling is monitored and regulated by feedback circuitry.

The ability of Csk”S inhibition to rapidly activate Lck in the absence of TCR ligands
demonstrates the plasticity in the Lck activation state in resting T cells. A recent study
focused on the substantial amount of Lck that is phosphorylated on its activation loop in
resting T cells (1). Furthermore, a marked subset of Lck molecules contained both pY394
and inhibitory phosphorylation on Y505. We propose, based on these results and our own
presented here, that in resting T cells a dynamic equilibrium is imposed on Lck by its
interactions with Csk and CD45. These interactions lead to a continuous turnover of Y394
and Y505 phosphorylation of Lck and its activity in a basal state, and allow for rapid and
efficient phosphorylation of ITAMs by Lck in response to TCR stimulation. We further
propose that this dynamic equilibrium of Lck phosphorylation and activity in resting T cells
is monitored and adjusted to signaling perturbations during the inactive basal state. One
possible mechanism to prevent increased phosphorylation of ITAMs by Lck in resting cells
would be a requirement for ligand-induced structural changes in the TCR for an elevated
level of signaling to occur, above the basal level (19-21). In this model, the cytoplasmic
portion of TCR ITAM tyrosines may bind to the plasma membrane in resting cells. Upon
TCR engagement, allosteric or other changes cause the ITAM-containing tyrosines to
dissociate from the membrane and become phosphorylated, driving an increased amount of
signaling. An alternative model has suggested allosteric changes in CD3e result in
accessibility to a polyproline region that binds Nck (22). This model has been challenged by
a recent knock-in of the CD3e proline rich motif (23). Since TCR signaling pathways are
activated by inhibiting Csk”S activity in the absence of TCR engagement, neither of these
models is complete. Our results suggest that either CD3e and {-chains may not associate
with the membrane, or the interactions are highly dynamic and transient. We favor a model
in which a low level of basal signaling is continuously occurring, but is held in check by the
balanced action of numerous phosphatases and other inhibitory mechanisms.

The mechanisms that modulate Csk activity during T cell activation are incompletely
understood, however we suggest that Dok proteins, specifically Dok-1, contribute to Csk
regulation. During T cell activation, removal of Csk from the immune synapse occurs in
response to acute dephosphorylation of Csk-recruiting adaptors, such as PAG. However, this
release of Csk is transient and genetic ablation of PAG has no effect on T cell signaling,
suggesting Csk is likely to interact with additional proteins at the membrane. We suggest
one candidate may be the inhibitory scaffolding molecule Dok-1, since it is rapidly
phosphorylated and associates with Csk following 3-1B-PP1 inhibition of Csk”S. Dok
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proteins bind to phospholipids in the plasma membrane and can interact with target proteins
through a protein tyrosine-binding domain. Furthermore, several conserved tyrosines can be
phosphorylated by Abl and SFKs following SFK activation (14), including Csk-binding site
Y449. Indeed, a peptide encompassing this site was found to be tyrosine-phosphorylated and
associated with CskAS following 3-1B-PP1 in our studies. In fibroblasts, the interaction of
Dok-1 pY449 with Csk's SH2 domain is necessary for Csk membrane recruitment and
control of Src activity (24). Dok-1 also directly abrogates MAPK by recruiting Ras-GAPs to
the signalosome. In our studies, membrane-Csk”S may compete more effectively than
endogenous Csk for Dok-1 interaction. Thus, endogenous Csk cannot effectively inhibit or
regulate Lck function, explaining the overshoot seen with 3-1B-PP1 inhibition of CskAS
function.

T cells express Dok-1 and the related family member Dok-2, which together play a critical
role in establishing negative feedback loops in TCR signaling. TCR-stimulated T cells
deficient in both Dok-1 and Dok-2 exhibit hyperproliferation and augmented cytokine
secretion and have prolonged and hyperphosphorylation of signaling molecules including (-
chain, ZAP-70, LAT and ERK (25, 26), which is reminiscent of our results following CskAS
inhibition. Our attempts to alter Dok-1 expression or function yielded inconsistent results,
suggesting that Dok-2 may functionally compensate for Dok-1, as has been previously
suggested (26, 27). Future studies will need to clarify the role of Dok proteins as part of a
proximal TCR feedback loop to regulate proximal signaling via recruitment of Csk to the
plasma membrane. Moreover, together with Csk, Dok-1 may play an important role in
regulating the intensity and termination of the TCR response.

In conclusion, we have utilized a novel analog-sensitive variant of Csk to demonstrate that
dynamic control of SFK activity downstream of the TCR is necessary for setting basal signal
tone and preventing aberrant cellular activation. As Csk regulation of SFKs is ubiquitous,
these results will be broadly relevant towards understanding how other SFK-associated
pathways are regulated in other cell types. Introduction of the Csk”S allele into mice will
further allow us to examine the regulatory function of Csk in controlling the basal signaling
tone, as well as regulation of stimulated-TCR signaling, in primary cells and during
lymphocyte development in the context of endogenous Csk-null T cells. Moreover the CskAS
allele holds potential for being able to exogenously control T cell activity independent of
ligand-binding.

MATERIALS AND METHODS

Cell Lines, Transfections, and Stimulations

Jurkat T cell line E6-1 was cultured and transfected as described before (28). JCaM1, J45,
P116 and J14 T cell lines have been previously described (29-33). Vectors encoding GFP or
human CD16 were used as cotransfection controls. Prior to stimulation, cells were serum-
starved at 37°C for at least 25 minutes. Stimulations were done in serum-free RPMI at 37°C
with a 1:1000 final dilution of C305 (anti-TCR Vf38). 3-IBPP1 was used at 10 pM unless
noted. Prior to lysate preparation, CD16*-transfected cells were purified using Miltenyi
human CD16 microbeads. The MAPK inhibitor U0126 was used for 45-120 minutes at 20
M.
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Western blot and FACS analysis

Antibodies

For ERK and {-chain phosphorylation flow assays, Jurkat T cells were serum-starved and
stimulated as described. The addition of an equivalent volume of Cytofix (BD Pharmagin)
stopped the reaction. Cells were pelleted, washed in FACS buffer, and then resuspended in
ice-cold 90% methanol. Cells were incubated on ice for 30 min followed by 3 washes in
FACS buffer. Cells were stained with anti—-phospho-p44/42 MAPK, followed by staining
with donkey anti—rabbit 1g-APC or PE (Jackson) or anti-CD3(-pY 142 used at a 1:5 dilution.
For calcium analyses, cells were loaded with the calcium-sensitive dyes Fura-Red and
Fluo-3 (Invitrogen) for 30 min at 37°C in RPMI and 5% fetal bovine serum, washed and
stained on ice with anti-CD16-Alexa647 (BD Pharmagin) to label transfected cells. After
surface staining, cells were resuspended in RPMI and warmed to 37°C for 5 min before
stimulation. Basal Ca2* levels were measured for 1 min prior to addition of vehicle or 10
UM 3-1B-PP1 for 3 min. Cells were then stimulated via the TCR for 3 minutes and treated
with 1 uM ionomycin as a positive control for 1 min. Ca2* increase was measured as the
ratio of Fluo-3 to Fura-Red fluorescence and was displayed as a function of time for CD16*
transfected cells and CD16™ untransfected cells.

LAT-pY191 (Invitrogen/BIOSOURCE); ZAP-70-pY319 (34), ZAP-70-pY493, Src pY416,
p44/42 MAPK pThr202/Tyr204, Myc 9B11 (Cell Signaling); Lck (1F6 from J. B. Bolen);
pY (4G10; Upstate Biotechnology); LAT (Abcam); ERK1/2 (Santa Cruz); CD3e (clone
UCHT.1), CD69 (BD Pharmagin); hCD16, Lck pY505, CD3(-pY142 (BD Pharmagin);
Goat a-Rabbit 1gG (H+L)-HRP and Goat a-Mouse 1gG (H+L)-HRP (Southern Biotech).
The following antibodies have been described previously: 2F3.2 (ZAP-70) (35) and 6B10.2
(CD30) (34).

See supplementary information for details of generation of Csk”Sallele, 3-IB-PP1, TCR
internalization assay, mass spec identification of Dok-1 and additional cell lines and primary
T cell cultures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation and characterization of the CskAS system
(A) Mutation of the conserved gatekeeper residue of Csk (T266G) permits access to larger

analogs of PP1. The eleven amino-terminal residues of Lck were fused to Csk”S to enforce
its localization to lipid rafts in the plasma membrane. (B) Structure of 3-IB-PP1. (C) Jurkat
T cells were transiently cotransfected with either cytoplasmic- or membrane-Csk”S and a
GFP cotransfection marker. Cells were serum-starved, then stimulated with anti-TCR for 5
min in the presence of DMSO or 3-1BPP1 at doses shown, and analyzed for phospho-ERK.
Data show % of live, GFP~ untransfected cells or live GFP™ transfected cells that are
phospho-ERK™. Data are representative of 3 independent experiments.
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Figure 2. Effect of Csk”AS on Lck activity
(A) Jurkat T cells expressing empty vector, cytoplasmic- or membrane-Csk”S were serum-

starved, pretreated with DMSO or 3-IB-PP1 for 25 minutes, then lysates were prepared
directly or following TCR stimulation. Data are representative of three independent
experiments. (B) Vector or Csk”S cells were serum-starved, then pretreated with DMSO or
3-1B-PP1 for 20 minutes. Cells were then stimulated with anti-TCR or vehicle for 2 min
prior to fixation and staining for -chain phosphorylation. Histograms show {-chain
phosphorylation in live, transfected cells. (C) Bar graphs of (B), representing the mean
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fluorescence intensity (MFI) of phospho-{-chain in GFP* transfected cells. (D) Control or
membrane-CskAS cells were serum-starved and fixed directly or following anti-TCR
stimulation or 3-1B-PP1 treatment. Data represent the MFI of phospho-{-chain in GFP*
transfected cells. Data are representative of at least three independent experiments.
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Figure 3. Sustained signaling in presence of CskAS inhibition

Control or membrane-CskS T cells were serum-starved, then lysed directly or following
stimulation. Control cells were stimulated with anti-TCR (left) and membrane-CskAS cells
were treated with 3-1B-PP1 (right) for the times indicated. (A) Total tyrosine
phosphorylation, and (B) phosphorylation of Lck, ZAP-70, LAT and ERK were assessed by
immunoblotting. Data are representative of at least three independent experiments.
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Figure 4. Distal TCR signaling and cell activation induced by CskASinhibition
(A) Calcium release is triggered by Csk”S inhibition alone in T cells expressing

cytoplasmic- (top) or membrane- CskAS (bottom). Jurkat T cells transiently cotransfected
with CskAS and CD16 constructs. The ratios between Fluo-3 and FuraRed is shown for
CD16~ untransfected cells or for CD16* Csk”S transfected cells in response to DMSO, 3-
IB-PP1, anti-TCR and ionomycin. B) Jurkat T cells expressing membrane-Csk”S have
impaired ERK phosphorylation that is overcome by inhibition of Csk”S alone. Control or
CskAS cells were serum-starved, pretreated with DMSO or 3-1B-PP1 for 15 minutes. Cells
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were then harvested directly (unstim) or after 2 minutes of TCR stimulation. Plots show total
live cells, with GFP~ untransfected cells in the bottom quadrants and GFP* CskAS—
transfected cells in the upper quadrants. (C) Upregulation of CD69 is impaired in TCR-
stimulated membrane-Csk”S cells, and is induced in response to Csk”S inhibition alone.
Transiently transfected Jurkat T cells were treated with either 3-1B-PP1 or DMSO, and were
TCR stimulated for 18 hours prior to surface staining for CD69. Data are representative of
two (A) or three (B, C) independent experiments.
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Figure 5. Requirement of TCR signaling components for activation upon Csk”ASinhibition
(A) Untransfected or (B) membrane-CskAS transfected Jurkat signaling mutant cells were

purified, serum-starved and stimulated with anti-TCR or 3-1B-PP1 for 10 minutes and lysed.
Total tyrosine phosphorylation and phosphorylation of Lck, LAT and ERK were assessed by
immunoblotting. (C, D) Membrane-CskAS cells were treated for 2 hours with either vehicle
or MEK inhibitor U0126. Cells were serum-starved for 30 minutes in the presence of vehicle
or U0126, and then stimulated with anti-TCR or 3-1B-PP1 for 5 minutes as noted. Lysates
were blotted for total tyrosine phosphorylation, Csk, and phosphorylation of Lck and ERK.
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The Csk antibody recognizes both endogenous Csk (denoted **) and Csk”S (denoted *,
larger MW due to Myc tag, linker sequences and membrane targeting motif). Data are
representative of at least 3 independent experiments.
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Figure 6. Dok-1isuniquely phosphorylated upon CskASinhibition and interacts with Csk
(A) Jurkat T cells expressing vector, membrane-Csk”S or SH2 domain R107K mutant

(SH2MUt) membrane-Csk”S were serum-starved, then lysed directly or following treatment
with 3-1B-PP1 for the times indicated. Total tyrosine phosphorylation and levels of Csk and
ERK were assessed by immunoblotting. (B) Myc immunoprecipiation of wild-type and
SH2MUt membrane-Csk”S demonstrates p65 interacts with Csk in an SH2-dependent
manner. Control or membrane-CskAS cells were treated with 3-1B-PP1 or DMSO for 10
minutes. Lysates were immunoprecipitated for the times indicated with anti-Myc and blotted
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for pTyr and Csk. (C) Silver stain of Myc immunoprecipitates of control or membrane-
CskAS cells. Dok-1 is denoted with arrow. (d) Dok-1 IP of control or membrane-CskAS
cells. Cells were treated with 3-1B-PP1 or DMSO for 10 minutes. Lysates were
immunoprecipitated with anti-Dok-1 and blotted for Dok-1, pTyr, and Csk. Note: WCL and
post-IP lysates are probed with anti-Csk which recognizes both wild type (marked with **)
and membrane-Csk”S (marked with *), while Dok-1 IP was probed with anti-Myc, which
recognizes only membrane-Csk”S. Data are representative of at least two (C) or three (A, B)
independent experiments.
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