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1. ABSTRACT
T cell activation occurs in the context of the immune synapse, a specialized
adhesive junction that forms at the interface between T cells and antigen presenting cells.
Signaling complexes that contain the SLP-76 adaptor protein form alongside the TCR at
the immune synapse and effectively augment stable T cell contacts by activating
integrins. These SLP-76 microclusters also bridge enzymatically active proteins to their
substrates, supporting downstream signals that activate T cells. Individual SLP-76
microclusters originate at the distal actin-rich region of the immune synapse, pass
through a peripheral integrin-rich adhesive zone, and accumulate at the center of the
contact. The amino-terminus of SLP-76 contributes to microcluster persistence and
calcium responses, suggesting that microcluster lifetime affects T cell activation. By
contrast, the contribution of the SLP-76 SH2 domain to T cell activation and SLP-76
microclusters is unclear. Here, the SLP-76 SH2 domain and its ligand ADAP were
analyzed to clarify their roles in T cell activation and SLP-76 microclusters.
ADAP and the SLP-76 SH2 domain contribute to SLP-76 microcluster cohesion,
persistence, and movement. Neither ADAP nor the SLP-76 SH2 domain promoted TCRinduced calcium responses, suggesting that the labile microclusters that form in the
absence of the interaction between ADAP and SLP-76 support calcium. T cell adhesion
to TCR ligands requires a functional SH2 domain and ADAP, suggesting that stable
microclusters are required for optimal adhesion to TCR ligands. The recruitment of
ADAP to SLP-76 microclusters and to lamellipodia were supported by its N-terminus.
Associations between ADAP and SLP-76 require multivalent interactions that are
i

supported by Y595, Y651, and multiple regions in the ADAP N-terminus. SLP-76,
SKAP55, and the ADAP N-terminus unexpectedly contribute to ADAP phosphorylation.
Phosphorylated ADAP is observed in SLP-76 microclusters, while unphosphorylated
ADAP is largely lamellipodial. In the absence of interactions with SLP-76, ADAP is
observed in the actin-rich fingerlike projections of landing cells, at the lamellipodia, and
at sites that overlap with labile microcluster formation, indicating that the TCR
communicates with ADAP through a previously unrealized pathway. These observations
realign the placement of ADAP downstream of the TCR at similar hierarchical levels as
the transmembrane adaptor molecule LAT. The observations further indicate that the
TCR builds labile, calcium competent microclusters that become stable, adhesive
structures upon merging the LAT and ADAP pathways.
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Phosphorylated ADAP promotes integrin-independent adhesion by
stabilizing T cell receptor-induced SLP-76 microclusters

7. BACKGROUND
7.1. T cells orchestrate diverse immune responses
During infection activated effector and memory T cell subsets exploit distinct
contact-dependent mechanisms to clear pathogens and provide long-term immunity.
Helper T cells require sustained and direct interactions with antigen-presenting cells
(APCs) to either directly augment antibody production or indirectly recruit phagocytic
cells and activate cytotoxic T lymphocytes (CTLs). All CTLs require direct cell contacts
to kill antigen-bearing target cells by either targeted lytic granule secretion or death
receptor engagement. Importantly, T cells must strike a balance between maximizing
pathogen detection and clearance while also minimizing harm to the host and
autoimmune responses. To this end, direct interactions with regulatory T cells modulate
inflammation, induce tolerance, and eliminate autoreactive T cells. Despite their various
roles in immunity, all T cells rely on properly controlled intracellular signaling pathways
to process antigen-dependent signals and carry out these effector cell functions.

7.1.1 Lymphocyte dynamics and antigen response in the lymph node
In the context of an infection, circulating T cells become highly adhesive, migratory, and
poised for antigen detection in secondary lymphoid tissues. When T cells scan the lymph
nodes for cognate antigen they require the structural network of the lymph node and their
heightened motility dynamics. Two-photon microscopy studies of T cell dynamics in the
lymph nodes of anesthetized mice have shown that T cells are polarized, migrate using a
random-walk strategy and are the most motile of immune cells, reaching speeds that
1

double that of APCs (1). Moreover, T cells journey along an underlying network of
fibroblastic reticular cells (FRCs) in the lymph nodes. In addition, the FRCs directly
facilitate antigen detection as roadways that contain APC ‘rest stops.’ Thus, FRCs are
structural highways that are intimately associated with APCs (Figure 7.1) (1). The
superior motility of T cells on the FRCs, coupled with the random walk strategy,
enhances the amount of area covered by the T cell and the likelihood of antigen detection.
However, delivery of antigen causes dramatic changes in T cell behaviors. These highly
motile cells become either stationary or continue to move rapidly throughout the node.
These observations suggest that both stable and transient interactions between T cells and
APCs are physiologically relevant for T cell activation (Figure 7.2).
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Figure 7.1: Fibroblastic Reticular cells are highways on which T cells travel to
encounter APCs.
T cells (green) journey along a network of fibroblastic reticular cells (black) in the lymph
nodes (box) to enhance the incidence of antigen detection, as these fibroblastic reticular
cells are intimately associated with dendritic cell ‘rest stops’ (red).
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Figure 7.2: Transient and persistent T cell-APC occur after antigen delivery into the
lymph nodes.
Upon the delivery of antigen into the lymph node (yellow dots), highly motile T cells
(green) continue to move rapidly, forming transient contacts (blue arrows) with dendritic
cells (red), or slow down and form stable contacts (green cells with blue glow).
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Two photon microscopy further revealed that CD8+ and CD4+ T cell priming by
dendritic cells (DCs) presenting antigen in the context of MHC class I and II molecules,
respectively, occurs in three distinct, observable stages (2). T cells that enter the lymph
nodes via high endothelial venules (HEVs) are greeted by DCs, which are lined up along
the HEVs, presumably to enhance the incidence of antigen detection (2). In the absence
of antigen detection, T cells and DCs engage in short contacts that last about 4 minutes.
By contrast, CD8+ T cells engaging antigen-pulsed DCs initially interact via serial, short
encounters, which are sufficient for the upregulation of T cell activation markers, such as
CD44 and CD69 (2). The expression of CD69 on the T cell surface retains T cells in the
lymph nodes, preventing egress of T cells that contain relevant T cell antigen receptors
(TCRs). Subsequently, stable T cell-DC conjugates persist from 8-24 hours post-antigen
detection, with a consequential reduction of T cell velocities (2). This second stage of
stable conjugate formation coincides with gene transcription, cytokine secretion and
upregulation of activation markers. After day one, CD8+ T cells dissociate from DCs
rapidly proliferate, and reduce their CD69 surface expression while maintaining CD44 (2,
3). Although these dynamics were examined in the context of antigen, Mempel et al. also
noted that they occur in the absence of antigen, with an abbreviated “stage two,” which is
marked by less stable and less persistent T-DC conjugates.

7.1.2 T cell contacts with APCs promote T cell effector functions
Two-photon microscopy further revealed that contacts between T cells and APCs
have a major impact on the outcomes of immune responses. T cell activation is ruled by
the transient contacts described above, which progress to sustained contacts, wherein
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long-lived contacts dominate. The importance of maintaining contact between T and B
cells was clarified by investigating the basis for immunodeficiencies in small adaptor
protein (SAP)-deficient T cells, which cause lymphoproliferative disease in humans.
Two-photon imaging studies revealed that immunodeficiency is caused by insufficient
contact times between T and B cells, which results in a lack of molecular ‘help’ delivered
to B cells (4). The length of T cell interactions with APCs is not exclusively a hallmark of
T-B cell interactions, but is also extended to T-DC interactions, where long T-DC
interactions induce immune responses, compared to short T-DC interactions, which
induce tolerance to antigen (5, 6). Thus, persistent T cell contacts with APCs are
hallmarks for orchestrating optimal immune responses by effector T cell subsets.

7.1.3 Regulatory T cells reduce T-APC contacts, ending effector function
Regulatory T cells are well known for their ability to modulate immune
responses, induce tolerance to self-antigens, and suppress autoimmunity. Two-photon
intravital microscopy revealed that regulatory T cells mediate their suppressive effects by
directly antagonizing T-DC and T-B cell contacts, thereby interfering with helper T cell
priming and CTL lysis (7-9). Helper T cell-APC contacts are disrupted in the presence of
regulatory T cells, and causing impaired T helper cell proliferation (7, 8). Regulatory T
cells also suppress granule secretion by CTLs in a cytokine-dependent manner (9). The
immunoregulatory components of this T cell subset highlight the importance of the T cell
population in orchestrating broad immune responses.

6

7.1.4 The TCR signals via conserved sequences present in other immune
receptors
The TCR is a prototypic member of the immunoreceptor tyrosine-based activation
motif (ITAM) family of receptors that include B cell receptors (BCRs), Fc receptors on
mast cells and other cells of the immune system (FcRs), and the activating NK receptor,
KIR (Figure 7.3) (10). Although ITAM-based receptors recognize discrete molecules,
each contains an associated intracellular signaling apparatus that contributes these motifs
to recruit paralogous systems of adaptors and effectors that generate distinct functions
(Figure 7.4). For the TCR of peripheral T cells, these systems generate gene transcription,
cytokine production, proliferation, and T cell effector and memory functions. Thus, by
investigating the TCR-based pathway, we also gain insight into molecular mechanisms
involved in other ITAM-based pathways.
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Figure 7.3: Schematic of ITAM-based receptors.
The family of ITAM-based receptors includes the TCR, BCR, FcRs, and activating NK
receptors (depicted left to right). To signal they require multiples of ITAMs present in the
cytosolic tails of their signaling apparatus. The CD3 signaling apparatus of the TCR
contributes 10 ITAMs; the Igα/Igβ signaling apparatus of the BCR contributes 2 ITAMs;
the signaling subunit of FcRs contributes 3 ITAMs; the adaptor DAP-12 contributes 2
ITAMs to activating NK receptors. As ITAMs are conserved, these receptors utilize
paralogous systems of adaptors and effectors to transmit downstream signals (adapted
from (10)).
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Figure 7.4: ITAM-based receptors mediate diverse signals, respective to each cell
type.
ITAM-based receptors recognize discrete ligands and mediate diverse signals. To achieve
their functions, cells require the ITAMs present in their cytosolic signaling apparatus or
adaptor proteins (in the case of the KIR receptor on NK cells).
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7.1.5 TCR ligation triggers multiple signaling events that drive T cell functions
In the TCR signaling cascade a series of phosphorylation events recruits effectors
and adaptor molecules in close proximity to one another, facilitating a myriad of signals
that modulate TCR functions (Figure 7.5 – 7.6). Receptor ligation triggers a
conformational change that exposes the ITAMs in the associated CD3ζ tails.
Simultaneously, Lck re-localizes near the TCR and phosphorylates the CD3 signaling
apparatus (Figure 7.5; 1, top arrow) (11). The Syk kinase, ZAP-70 then binds the
phosphorylated ITAMs in the CD3 subunits, and is subsequently activated by Lck
(Figure 7.5; 1, bottom arrow) (12-14). Active ZAP-70, now in close proximity to the
transmembrane-residing adaptor molecule LAT, phosphorylates LAT to recruit multiple
proteins that activate various signaling cascades (Figure 7.5; 2). Of note, the GADS
adaptor molecule binds phosphorylated LAT via its SH2 domain, recruiting SLP-76 to
the plasma membrane through a constitutive association. SLP-76 is then phosphorylated
by ZAP-70 on its three amino (N)-terminal tyrosines, which recruit the Rho guanine
nucleotide exchange factor (GEF) Vav1, the cytoskeletal adaptor Nck, and the Tec family
tyrosine kinase Itk (Figure 7.5; 3). The signals generated via the phosphorylated tyrosines
in the SLP-76 N-terminus activate calcium, c-jun N-terminal kinase (JNK), the p38
mitogen activated kinase (MAPK), and cytoskeletal effectors. These intracellular events
are crucial for optimal T cell responses including actin rearrangements, proliferation, the
surface expression of activation markers such as CD69, and cytokine production.
The lipid-modifying enzyme PLCγ1 associates with a proline-rich sequence in
SLP-76 and also binds phosphorylated LAT (Figure 7.5, 4). The interactions between Itk
and PLCγ1 direct the generation of second messenger proteins: diaglycerol (DAG) and
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inositol phosphates (IP3) (15-19). These second messengers initiate additional signaling
cascades that also contribute to T cell activation (described in detail in section 7.1.6).
The carboxy (C)-terminus of SLP-76 binds the adaptor molecule ADAP, in a
phosphorylation-dependent manner (20, 21) generating optimal cell adhesion by
activating integrins, while ADAP also contributes to NFκB activation, IL-2 production,
proliferation, and actin cytoskeletal rearrangements (Figure 7.6; 5) (20-37). These
proteins are essential for optimal T cell activation in the periphery so that the host is
accurately protected from infection.
In contrast to the activating signals described above, the SH2 domain of SLP-76
associates with two other molecules that attenuate T cell activation. The SH2 domain of
SLP-76 binds the CD6 glycoprotein and the serine/threonine kinase HPK1 (38, 39).
While CD6 is not commonly studied, two reports indicate that CD6 attenuates early and
late T cell signals (38, 40). Associations between SLP-76 and HPK1 downmodulate T
cell signals by directly inactivating SLP-76 and GADS by two independent
phosphorylation events (31, 41, 42). Since SLP-76 binds proteins that either activate or
attenuate TCR signals, it can be viewed as a regulatory adaptor molecule that modulates
T cell signaling by associating with molecules.
Finally, the adaptor molecule Grb2 also binds phosphorylated LAT via its SH2
domains (not depicted) and promotes MAPK activation by associating with the GEF Son
Of Sevenless (SOS). Activated RasGRP1 activates Ras-GTP, which binds SOS and
promotes a positive feedback loop that heightens MAPK signaling. MAPK signals also
drive actin cytoskeletal rearrangements, gene transcription, and cell proliferation. Hence,
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the molecular associations among many signaling effectors and adaptors are crucial for T
cell functions that generate effective T cell activation and signaling.

7.1.6 Second messengers contribute to T cell signals
Both the recruitment and the activation of PLCγ1 are critical for the generation of
second messengers, which are integral for transmitting signals from the plasma
membrane to the cytoskeleton. PLCγ1 hydrolyzes phosphatidylinositol-4,5-bisphosphate
(PIP2) in the plasma membrane to generate inositol-1,4,5-tris-phosphate IP3 and DAG
(Figure 7.5). The second messenger, IP3 binds the IP3 receptor (IP3R) in the endoplasmic
reticulum and stimulates the release of calcium from intracellular stores. Cytoplasmic
calcium binds the calcium sensing protein, calmodulin, which binds and activates
calcineurin. Calcinurin dephosphorylates NF-AT in the cytoplasm, revealing its NLS, and
promotes the translocation of NF-AT to the nucleus, where it contributes to gene
transcription.
PLCγ1 also generates DAG, which recruits and activates protein kinase C and Ras
signaling pathways. Through associations with distinct family members of PKC, DAG
production polarizes the MTOC to the immune synapse, just beneath the plasma
membrane. MTOC polarization is crucial for effector cell functions that require directed
cytokine delivery and for maintaining T cell-APC contacts (43, 44).
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Figure 7.5: TCR ligation mediates multiple signaling cascades.
TCR signaling begins when the αβ TCR is ligated by pMHC. This triggers a number of
downstream signaling events, including: (1) phosphorylation of the ITAMs in the CD3ζ
subunits, which creates docking sites for ZAP-70, which is activated by Lck. (2) ZAP-70,
now localized at the plasma membrane phosphorylates membrane-tethered LAT on four
tyrosines, recruiting a number of SH2 domain-containing proteins. Critically, GADS
binds LAT, which recruits the SLP-76 scaffold via a constitutive association. ZAP70 also
phosphorylates (not depicted) SLP-76 on three N-terminal tyrosines (phosphorylation
sites are depicted). (3) In association with SLP-76, Vav activates the Rho GTPases, Rac
and Cdc42, which contribute to the activation of WASP/WAVE family of proteins and
MAPK/JNK pathways, respectively. Vav and SLP-76 associate with the cytoskeletal
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adaptor protein Nck, which contributes to JNK activation by recruiting PAK. The Tec
kinase Itk binds the third phosphorylated tyrosine in SLP-76, and activates PLCγ1. (4)
PLCγ1 binds phosphorylated LAT and a proline-rich region in SLP-76. By way of its
lipase activity, PLCγ1 cleaves PIP2 in the plasma membrane, generating the second
messengers IP3, required for calcium responses and cytoskeletal rearrangements, and
DAG, required for RAS activation and MTOC polarization (not depicted).
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PKCθ binds membrane bound DAG and contributes to the activation of the
transcription factor nuclear factor kappa B (NFκB). Signals that activate NFκΒ require
the activity of the IκΒ kinase (IKK), which is comprised of IKKα and β subunits and a
regulatory IKKγ subunit. Activated IKK phosphorylates IκΒα, which causes its
degradation, reveals the nuclear localization sequence (NLS) in NFκΒ and targets
NFκΒ to the nucleus. In T cells, PKCθ phosphorylates the adaptor protein CARMA1,
facilitating

its

interaction

CARMA/BCL/MALT

with

(CBM)

the

complex

adaptors

Bcl-10

facilitates

and

efficient

MALT1.

This

lyseine-63-linked

ubiquitination of IKKγ. The phosphorylation of the IKK α/β subunits depends on the
kinase TAK1. The adaptor molecule ADAP is instrumental in facilitating the CARMA1and TAK1- dependent events that activate NFκB (36).
The guanosine trisphosphate hydrolase (GTPase) Ras also binds DAG at the
membrane and contributes to ERK and JNK activation, thereby enhancing AP-1
activation, IL-2 production, and mature CD4+ and CD8+ cell functions in the periphery
(reviewed in (45)). Thus, both IP3 and DAG contribute to cell signaling events that drive
transcriptional activation and cytoskeletal remodeling.
Phosphatidylinositide 3,4,5-trisphosphate (PIP3) is also a potent second messenger
that regulates the cell cycle and various signaling cascades by recruiting a number of
proteins that contain Pleckstrin homology (PH) domains. TCR ligation induces the
activation of phosphatidylinositides 3’-kinase (PI3K), which generates PIP3 in the
membrane. The phosphatase PTEN counteracts the 3’-phosphorylation activity of PI3K,
by dephosphorylating PIP3 at the 3’-position, and generating PIP2. The levels of
inositides present in the plasma membrane impact many proteins. Famous for its abilities
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to regulate cell migration, survival, growth, and proliferation, the serine/threonine kinase
Akt/PKB and its kinase PDK1 are directly recruited to the plasma membrane when PIP3
is present (46, 47). Other proteins in the T cell signaling cascade are also influenced by
PIP3, including Itk, as it is recruited to the plasma membrane downstream of the TCR
(48). Although active Itk requires ZAP-70 activation, LAT and SLP-76 expression for it
to function, PIP3 levels in the plasma membrane are critical for regulating Itk-dependent
signals, indicating that its membrane localization is crucial for it to function.

7.1.7 Balancing T cell signals is critical for host protection
While antigen presentation drives the abovementioned TCR signaling cascades in
concert with costimulatory molecules in vivo, these signals are appropriately controlled to
protect the host from the development of autoimmunity or cancer. Of note, APCs drive T
cell signaling by co-expressing B7 molecules on their surface that bind the CD28 coreceptor on the T cell surface. In the presence of pMHC/TCR, the B7/CD28 axis is
required for optimal T cell proliferation and survival (49). These signals are regulated, as
sustained CD28 stimulation induces the surface expression of the inhibitory molecule,
cytotoxic T-lymphocyte antigen-4 (CTLA-4), which competitively binds B7 molecules
(50). Thus, the B7/CD28/CTLA-4 axis is one example of how accessory molecules
support the balance of positive and negative signals that determines the outcome of T cell
responses. In vivo TCR stimulation in the absence of this second signal induces anergy, a
state of hyporesponsiveness that is characterized by alterations in signaling cascades and
of transcription. This underlines the importance of the second signal for TCR-induced
responses in vivo, while also suggesting a mechanism for controlling immune responses.

16

TCR-dependent signals also recruit proteins that counteract activating cascades.
Phosphatases are activated and/or recruited to signaling cascades to dephosphorylate
proteins and inhibit immune responses (47, 48). The interplay between phosphatases and
kinases is constant, and is most easily demonstrated by stimulating T cells with agonistic
(activating) antibodies in the presence of phosphatase inhibitors, such as pervanadate. In
this

scenario,

phosphorylation

sites

that

are

actively

phosphorylated

and

dephosphorylated will appear as hyper-phosphorylated, owing to the inactivation of
phosphatases. Phosphorylation can also be inhibitory, such that kinases like Lck and
ZAP-70 are phosphorylated on a particular tyrosine (Y) that alters their conformation so
that they are closed or inactive (51-53).
The serine/threonine kinase mentioned above, HPK1, serine phosphorylates SLP76 and threonine phosphorylates GADS, which causes the recruitment of the inhibitory
14-3-3 proteins to these molecules (41, 42, 54). Although the mechanisms of inhibition
by 14-3-3 proteins are unknown, they could inhibit signaling cascades by sequestering
signaling molecules in the cytosol.
The Cbl family proteins are molecular adaptors that are involved in the
ubiquitination machinery that downmodulates proteins by targeting them for degradation.
Of note, Cbl family proteins target multiple proteins involved in TCR signals for
degradation, including PLCγ1, LAT, SLP-76, Vav1 and WASP (55-57). The importance
of Cbl in the control of T cell responses is demonstrated in the absence of Cbl-b, where
TCR signals are enhanced via deregulated Vav1 signals (58). This promotes ongoing
cytoskeletal rearrangements, enhances autoreactive T cell priming and expansion, and
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generates autoimmunity (56). Thus, Cbl proteins also control T cell activation to protect
the host.

7.1.8 Costimulatory molecules lower the threshold for TCR ligation
Integrins are transmembrane adhesion molecules that consist of a α and β chain
and mediate T cell contacts with the extracellular matrix and with other cells of the
immune system. Integrins are activated by chemokine and antigen receptor ligation,
through a process referred to ‘inside-out’ signaling. In the absence of activation, integrins
are expressed at the cell surface in a low affinity state, characterized by their bent
conformation (Figure 7.6; 5). TCR ligation triggers a signaling cascade that requires the
interactions between SLP-76 and ADAP, which collaborates with the SKAP55 adaptor
protein to activate integrins (Figure 7.6; 5) (21, 24, 28, 37, 59, 60). Activated integrins
‘stand up,’ ready to engage their ligands in their high affinity state. The binding of the β1
and β2 integrins (e.g. VLA-4 and LFA-1) to their respective ligands (VCAM and ICAM)
generates force on the integrins so that they then send biochemical and mechanical
signals into the cell through a process referred to as ‘outside-in’ signaling (Figure 7.7; 6).
Through interactions between LFA-1 on T cells and ICAM-1 on APCs, the threshold for
T cell binding its antigen is decreased by at least 10-fold, enhancing contact formation
and T cell activation. T cells require integrins for the formation of stable contacts, which
facilitate bidirectional communication between the T cell and the APC. At the interface
of the T cell and the APC is the adhesive junction referred to as the immunological
synapse, which is where T cell signaling occurs. LFA-1 clusters at the immune synapse,
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causing high avidity interactions with ICAM-1. These high avidity interactions
essentially lower the threshold for T cell activation and enhance antigen detection.
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Figure 7.6: The TCR recruits ADAP to activate integrins and the NFκB pathway.
(5) Also downstream of the TCR, ADAP is recruited along with SKAP55 to activate
integrins through a process known as ‘inside-out’ signaling. This results in a
conformational change in the integrin, alleviating the bent conformation so that it stands
up, mediating adhesion. Integrin activation also causes cytoskeletal reorganization. In a
SKAP55-independent manner, ADAP activates the NFκB pathway and regulates cell
cycle and consequently, proliferation. ADAP also regulates IL-2 production (not
depicted). Through an association with Nck, ADAP contributes to actin rearrangements
at the immune synapse (32).
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Figure 7.7: Through ‘outside-in’ signals, activated integrins enhance T cell-APC
communication.
(6) Activated integrins exert biochemical and mechanical forces on cells that contribute
to stable junctions and lower the threshold for antigen detection (blue arrows). This
process is referred to as ‘outside-in’ signaling.
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7.2. T cell signaling occurs at the immunological synapse
Biochemical assays were instrumental for identifying the majority of molecular
interactions that drive T cell signaling. While these assays provided information
regarding temporal control of post-translational modifications and molecular interactions,
they are limited in their capacity to inform us of spatiotemporal dynamics that also
regulate T cell signals. Live cell imaging studies have revolutionized the field of T cell
signaling by providing us with information regarding changes in subcellular localization
that occur in real time responses to TCR ligation. Our laboratory and others compliment
biochemical and functional studies with live cell imaging, to accurately interpret how T
cells signal at the immunological synapse.
7.2.1. Molecular arrangement of the immunological synapse
Sustained T cell signaling requires the formation of the immunological synapse,
which is organized into discrete, concentric molecular regions over time (Figure 7.8)
(61). The prototypical immunological synapse contains a central supramolecular
activation complex (cSMAC), is rich in the TCR and was originally thought to be
predictive of T cell activation, since it was only formed in the presence of peptide
agonists. The cSMAC is also rich in PKCθ and is the site of MTOC translocation.
Surrounding the cSMAC is an adhesive peripheral SMAC (pSMAC), which is enriched
in adhesion molecules such as integrins and is the site of receptor ligation. Surrounding
the pSMAC is a more distal region, the dSMAC, which is comprised of actin rich sheets,
also known as lamellipodia. Large glycoproteins like CD43 and CD44 are excluded from
the immunological synapse, and are found at the rear of the cell at the distal pole
complex.
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Figure 7.8: The immune synapse organizes into a concentric supramolecular
activation complex.
Sustained T cell signaling causes the reorganization of molecules at the immune synapse.
The regions are organized into concentric ‘domains,’ commonly known as
supramolecular activation complexes (SMACs) (61). The central SMAC (cSMAC) is
enriched in PKCθ, and pMHC-TCR complexes. It is the site of MTOC polarization and
the region of cytokine delivery. Surrounding the cSMAC is a peripheral region
(pSMAC), which is rich in integrins and an adhesive zone. In the pSMAC TCRs
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encounter their cognate antigen in the context of MHC molecules. Most distally is the
dSMAC, also the site of ongoing actin rearrangements. The dSMAC overlaps with the
lamellipodia of T cells. Although the phosphatase CD45 was originally described to be
located at the dSMAC, it is actually present throughout the entire SMAC/immune
synapse.
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7.2.2. Imaging of the immune synapse on planar lipid bilayers
The Dustin laboratory provided the first insights into the temporal organization of
the immune synapse (62). In their studies, an APC was replaced with planar bilayers that
contained fluorescently labeled peptide-MHC (pMHC) and ICAM-1, which were
anchored to the bilayer so that they can freely diffuse. T cells formed contacts with the
supported planar bilayer, where the contact area was defined by the visualization of close
membrane contacts as dark areas using interference reflection microscopy (IRM).
Grakoui et al. detected pMHC/TCR engagements at the pSMAC, which correlated with
spikes in intracellular calcium, indicating that these contacts are functional. Over the
course of 5 minutes, the pMHC/TCR pairs centralized and accumulated at the cSMAC.
This ‘mature’ immunological synapse was maintained for over an hour and relied on
actin polymerization, since treating the cells with cytochalasin D inhibited pMHC/TCR
centralization. Together, the observations by Grakoui et al. indicated that TCR
engagement occurs in three distinct stages marked by junction formation, pMHC/TCR
centralization, and immune synapse stabilization (62).

7.2.3. Immunological synapses overcome barriers to sustain TCR engagement
T cell activation is an amazing event that occurs in the face of multiple obstacles.
Estimations from Moon et al. indicate that at least 300,000 unique pMHC class II
specificities exist within a native T cell repertoire (63). Thus, the probability of antigen
detection is extremely low, mostly as a result of low ligand concentration on the surface
of APCs (63). Also, initial interactions between T cells and APCs must overcome a net
negative surface charge, which is a hindrance to their interacting. Finally, a pMHC/TCR

25

complex is a weak affinity interaction that is also compact, spanning a very short distance
of 15nm (64-66), and must surmount any steric hindrances by surface molecules that are
up to three times the length of the TCR-peptide-MHC complex. For T cell activation to
ensue, all these barriers must be overcome, and T cells must stop migrating and focus on
the APC.
The imaging studies by Grakoui et al. revealed that the immunological synapse is
a structure that overcomes the abovementioned obstacles and sustains T cell signals. The
barriers of small size and low affinities of the pMHC/TCR complexes are overcome by
forcing a ring of T cell membrane against the substrate early in the process of synapse
formation (62). This essentially promotes contacts of small molecules while larger
molecules are forced out of the area of close apposition by a process known as size
exclusion. The barrier of detecting the rare pMHC complexes is also overcome by
concentrating these complexes at the immune synapse. Finally, while the migratory
machinery of mobile T cells is positioned parallel to the substrate, allowing them to
propel forward, the organized immune synapse is radially symmetric and directed inward,
which cancels out force vectors and contributes a stop signal (62).

7.2.4. The role of the central SMAC in T cell activation
These early studies that described the organization of the immunological synapse
also hypothesized that the cSMAC is required for T cell signaling. However, observations
from other studies conflict with this model for the cSMAC, and indicate that it is not
responsible for T cell activation and could be a mechanism used to downregulate TCRbased signals. First, fixed macrophages, another type of APC, are fit to activate T cells.
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Since the central accumulation of antigen cannot occur in this scenario because of the
restraints on the APC, the organization of the SMAC and the formation of the cSMAC
cannot account for T cell stimulation (67). Second, the kinetics of T cell activation, which
peaks at 2 minutes, does not coincide with the kinetics of SMAC formation, which, as
mentioned above, takes minimally 5-10 minutes to form and is sustained for hours (68).
Third, the cSMAC is enriched in multivesicular bodies, which sort membrane proteins for
degradation and indicate active lysosomal degradation (69). Fourth, antibodies that block
antigen detection and downmodulate T cell activation disrupt the formation of new
clusters of proteins (microclusters), but do not disrupt the cSMAC or former
microclusters (69). These observations indicate that the cSMAC is insufficient to drive T
cell signals and imply that microclusters are involved in the process of T cell activation.
Fifth, hyporesponsive, or anergic T cells form a mature SMAC at similar rates as control
cells, and contain the prototypical pSMAC and cSMAC regions, indicating that the
cSMAC is not stimulatory (70). Finally, Cbl family members are enriched at the SMAC
of anergic T cells, with c-Cbl enriched at the pSMAC and Cbl-b enriched at the cSMAC,
suggesting that the cSMAC is a site of signal attenuation (70). Altogether these
observations support the notion that the organized SMAC is not what drives T cell
activation, and further suggest that the SMAC could be a structure that downmodulates T
cell signals.

7.2.5. Diversity in immunological synapses
Although the abovementioned reports focused on the formation and structure of
the well-defined prototypical immune synapse, there are many examples of non-classical
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immune synapses (reviewed in (71)). Studies from Thauland et al. revealed that divergent
immune synapses formed in the population of CD4+ helper cells (72). Namely, type 1 T
helper (TH1) cells form the prototypic immune synapse described by the Kufper and
Dustin laboratories, while TH2 cells form multifocal immune synapses (Figure 7.9).
These multifocal synapses recruit pMHC/TCR into small areas that are devoid of CD45
and enriched in phosphorylated (active) signaling proteins (72). The TH2 immune
synapses also vary with respect to the distribution of ICAM-1 and the CD45 phosphatase,
as they are both excluded from the cSMAC of TH1 cells, yet present in the cSMAC of
TH2 cells. Despite these noted differences between the prototypical and multifocal
immune synapses, there are no noted differences in how they function. These multifocal
immune synapses have also been described for CD4+CD8+ double positive (DP)
thymocytes on lipid bilayers (73) and also naïve and activated T cells with DCs (74-76).
Altogether, these observations indicate that while prototypical immune synapses are
physiologically relevant, that multifocal synapses are also physiologically relevant and
correspond with T cell activation.

7.2.6. TCR-rich clusters and associated signaling proteins drive T cell signals
That multifocal immune synapses correlate with T cell activation indicated that
SMAC formation does not direct T cell activation. Moreover, multifocal immune
synapses are rich in TCR, phosphorylated (phospho) CD3, and phospho-ZAP-70,
suggesting that these signaling clusters promote T cell signals. In support, TCR
microclusters form prior to SMAC formation, and as few as one to two microclusters are
sufficient to drive calcium responses (77). Moreover, the production of second
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messengers such as DAG and calcium are observed in the time frame of TCR
microcluster assembly (43, 77-80). As mentioned above, cytochalasin D concurrently
disrupts the formation of new TCR microclusters and calcium responses, again linking
TCR microclusters to T cell responses (69). With peak phosphorylation of Lck and ZAP70 occurring at the periphery of the immune synapse, it is unlikely that SMAC formation
drives T cell signaling.
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Figure 7.9: Multifocal synapses support T cell activation.
During synapse formation, lamellipodial growth extends outwards (red arrows), while
multiple clusters of pMHC/TCR (small red circles) are formed throughout the contact in
zones of tight adhesion (72, 77). These multifocal synapses contain highly
phosphorylated signaling proteins in the periphery (large, yellow glow), while
microclusters centralize (black arrows) over time and lose their phosphorylation,
indicating the cessation of signals within each contact (note the dimming of the
peripheral yellow glow as microclusters centralize). Microclusters are accumulated at the
center of the contact, where they are endocytosed.
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To determine whether TCR microclusters initiate T cell activation, Bunnell et al.
simultaneously visualized T cell contacts and actin rearrangements, and also imaged T
cell contacts and calcium responses in live, TCR-stimulated cells (77). In this approach,
they replaced the APC with a stationary coverslip that was coated with agonist ligands for
the TCR (Figure 7.10). A human T cell line stably expressing actin tagged at its Cterminus with an enhanced green fluorescent protein (EGFP.Actin) was created and
imaged as it came into contact with the stimulatory substrate. In parallel they imaged
contact formation using IRM, described above. They also imaged contact formation in
cells that were pulsed with calcium-sensitive dyes, such that the cell would fluoresce with
an increase in cytoplasmic calcium. In their assays, Bunnell et al. established that small
contacts that are the size of individual microclusters (~200nm) drive active cytoskeletal
rearrangements and calcium responses. Further, the TCR, CD3, ZAP-70, and Grb2 are
specifically clustered in areas of tightest contact with the stimulatory coverslip. However,
stimulatory ligands cannot induce the clustering the extracellular region of CD25 fused to
EGFP (Tac.EGFP), indicating that the TCR and its associated proteins are selectively
recruited into areas of tight contact. Also, anti-Tac coated coverslips do not recruit the
TCR into these microclusters, indicating that the recruitment of these signaling proteins
into areas of close contact requires direct stimulation through the TCR. Finally, Bunnell
et al. revealed that multiple TCR-dependent signaling adaptors are dynamically
redistributed throughout contact formation. Thus, Bunnell et al. changed the view of the
field, indicating that these distinct signaling complexes form and centralize prior to
SMAC formation, in a manner that overlaps with T cell activation.
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Figure 7.10: Modeling T cell-APC conjugate in antibody-coated planar substrate
system.
To easily visualize the dynamics of early T cell activation, Bunnell et al. replaced the
APC (purple nucleated cell, left) with a glass coverslip (purple rectangle, bottom) coating
with stimulatory ligands (antibodies) for the TCR. The absence of stimulatory substrates
((-)), T cells will not adhere to the coverslip. When the coverslip contains stimulatory
antibodies against the TCR ((+)), T cells become activated (glow), actively rearranging
their cytoskeleton and making contact with the mock APC. x, y, z indicates the point of
view during image acquisition (left) and presentation of analyzed data (right).
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7.3. SLP-76 microclusters promote T cell activation
Live cell imaging studies on coverslips confirmed that the formation of signaling
microclusters correlate with T cell activation, pushing the SMAC out of the picture as a
requirement for T cell activation. Bunnell et al. described that TCR microclusters consist
of

TCR/CD3/ZAP-70,

while

SLP-76

microclusters

minimally

contain

the

LAT/GADS/SLP-76 triad (77). Since these proteins are required for calcium responses
that are estimated to occur as early as 6 seconds after the initial contact, these
microclusters must be rapidly assembled (80). Further analyses of the core components
of SLP-76 microclusters revealed that their persistence is tightly linked with optimal T
cell activation, indicating that these microclusters are responsible for T cell signaling
(81).

7.3.1. SLP-76 microclusters correlate with T cell activation
By expressing various mutants of EGFP.SLP-76 chimeras in J14 cells, Bunnell et
al. and Shen et al. revealed that interactions through distinct regions of SLP-76 contribute
persistent and mobile (stable) SLP-76 microclusters, which correlate with T cell
activation (Figure 7.11). Reconstitution of J14 cells with WT SLP-76 chimeras repaired
the defective TCR-dependent signals and correlated with the formation of stable SLP-76
microclusters at the immune synapse (81, 82). However, SLP-76 chimeras that were
mutated at the three N-terminal tyrosines (Y3F mutant) or that lacked either the P1 or
SAM domains, neither repaired the defective TCR signaling in J14 cells nor formed
stable microclusters (81, 82). These observations suggested that the persistence of SLP76 microclusters, are correlated with T cell activation. By contrast, SLP-76 chimeras that
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either lacked the GADS-binding region (the G2 mutant) or contained an inactivating
point mutation in the SH2 domain (R448K, RK), failed to repair the defective TCRmediated signals in J14 cells, and were also crucial for microcluster assembly. These
results confirmed the requirements for the interactions between SLP-76 and GADS, and
suggested that a SLP-76 SH2 domain ligand contributes to T cell activation and
microcluster formation (81). The defects observed with the eliminated P1 region were not
due to defective interactions with PLCγ1, as SLP-76 microclusters formed and
centralized normally in PLCγ1-deficient T cells (81). Sylvain et al. later established that
the defects observed with the Y3F SLP-76 mutant could have been due to failed
interactions with Vav1, since SLP-76 microclusters dynamics in Vav1-deificient T cells
were reminiscent of the SLP-76.Y3F mutant (83). By contrast, Shen et al. revealed that
the SAM domain, which might dimerize SLP-76, is crucial for SLP-76 microcluster
stability. By contrast, the defects in microcluster formation without the GADS-binding
region of SLP-76 were a direct result of failed interactions with GADS and SLP-76,
which are required to form the podium for SLP-76 microclusters (81). Together, these
adaptors form a fulcrum of multivalent interactions that connects enzymatically active
proteins to their substrates, thereby facilitating TCR-mediated signals. The multivalency
of the microcluster consists of a few essential interactions (i.e. GADS), and other
stabilizing associations (i.e. Vav). Without even the latter, stabilizing interactions, normal
T cell activation does not occur (Figure 7.12). In addition, ligation of costimulatory VLA4 prevents the centripetal movement of SLP-76 microclusters, retaining SLP-76 in the
periphery of the contact where they display increased persistence (84). These persistent
SLP-76 microclusters correlate with sustained phosphorylated molecules and enhanced
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calcium responses (84). Thus, the persistence of SLP-76 microclusters correlates with
increases in calcium levels and active signaling molecules.
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Figure 7.11: Regions of SLP-76 contribute to T cell activation and microcluster
formation.
The Src homology 2-containing leukocyte phosphoprotein of 76-kDa (SLP-76) contains
an N-terminal sterile alpha-motif (SAM); three phosphotyrosine motifs that are docking
sites for the Vav1 guanine nucleotide exchange factor (GEF), Nck adaptor molecule, and
Itk Tec family kinase; a proline-rich region on which PLCγ1 docks and a proline-rich
region that is constitutively associated to GADS; and an SH2 domain which binds the
adaptor ADAP and the serine/threonine kinase HPK1. From the combined observations
of Bunnell et al. and Shen et al., we appreciate that many regions within SLP-76
contribute to microcluster formation or persistence and also T cell activation (81, 82).
While some of these regions have known binding partners, only Vav1 has been shown to
contribute to microcluster persistence (83).
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Figure 7.12: Multivalent interactions promote stable SLP-76 microclusters, which
are prerequisites for T cell activation.
SLP-76 microclusters that form alongside the TCR microclusters contain a variety of
adaptor and effector molecules. Since stable SLP-76 microclusters correlate with T cell
activation, we hypothesize that they are platforms that bridge enzymatically active
proteins to their substrates. In this manner, persistent SLP-76 microclusters would sustain
T cell activation, while their dissipation would reduce activating signals. Of note, some
proteins that enter these complexes do not contribute to their persistence or their stability
(e.g. PLCγ1). However, their entry into SLP-76 microclusters facilitates their function.
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7.3.2. The role of the SH2 domain in T cells is controversial
While recent reports have confirmed that microcluster persistence correlates with
optimal T cell activation (42, 82, 84), the SLP-76 SH2 domain has remained elusive and
has contributed much confusion with respect to microclusters. The earliest report of the
SLP-76 SH2 domain indicate that it is required for optimal T cell activation, indicating
that it binds a protein or proteins that also contribute to T cell activation (85).
Approximately 4 years later, two reports indicated that a functional SLP-76 SH2 domain
partially contributed to TCR-induced CD69 surface expression, and was dispensable for
NF-AT and calcium responses (86, 87). In 2006, Bunnell et al. reported that the SLP-76
SH2 domain is required for TCR-induced SLP-76 microcluster formation, CD69 surface
expression, and NF-AT activation (81). Still, other reports indicated that the SLP-76 SH2
domain is crucial for TCR-mediated integrin activation, conjugate formation,
costimulation by the integrin LFA-1, positive and negative selection, peripheral T cell
activation, and actin cytoskeletal rearrangements (21, 32, 37, 79). These findings support
our initial assertion regarding the importance of the SLP-76 SH2 domain in T cell
activation. However, other studies have also indicated that the SLP-76 SH2 domain is
dispensable for TCR-induced SLP-76 microcluster formation in human T cell lines and
peripheral primary T cells (32, 88). Thus, the role of the SLP-76 SH2 domain in T cell
activation and SLP-76 microclusters remains obscure (Figure 7.13).

38

Vav1

SLP-76

N

Nck

112 128 145

SAM Y Y Y

Itk

PLCγ1

GADS

ADAP

P1

G2

SH2

SAM

HPK1

Role in SLP-76
microcluster formation
Role in SLP-76
persistence
Role in T cell activation

C

✓!

✓!

✓!

✓!

✓!

✓!

✓!

✓/✗

✓!

✓!

Figure 7.13: The SLP-76 SH2 domain remains elusive for its role in TCR-induced
SLP-76 microclusters.
Due to the contradicting reports regarding the role of ADAP in SLP-76 microcluster
formation, a role for this domain has not been resolved. All other observations remain as
stated.
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7.3.3. Hypothesis: ADAP contributes to SLP-76 microclusters
Of the best-characterized SLP-76 SH2 domain ligands, ADAP and HPK1, only
the adaptor protein ADAP contributes to the same TCR-dependent functions as the SLP76 SH2 domain (21, 23, 25, 27, 33, 37, 89, 90). However, the observations by Bunnell et
al. are incompatible with ADAP functions, as it only partially contributes to TCRinduced CD69 activation and is completely dispensable for TCR-induced calcium
responses (25, 27, 33, 89). Two separate studies also reported that TCR-induced
microclusters formed in ADAP-deficient Jurkat T cells (JDAP cells) and in primary T
cells lacking endogenous ADAP, indicating that defective interactions with ADAP
cannot account for the failed formation of SLP-76 microclusters observed by Bunnell et
al. (32, 88). By contrast, the serine/threonine kinase HPK1 competes with ADAP for
access to SLP-76 and destabilizes SLP-76 microclusters by directly targeting SLP-76 and
GADS for serine and threonine phosphorylation, respectively. Phosphorylation by HPK1
supports the recruitment of 14-3-3 proteins to SLP-76 and GADS, downmodulating their
signals, and the lifetime of SLP-76 microclusters (31, 41, 42, 54). Since failed
interactions between SLP-76 and HPK1 are more likely to promote microcluster lifetime,
detachment from HPK1 also is insufficient to explain the phenotype observed. However,
neither ADAP nor HPK1 can interact with SLP-76 SH2 domain in the presence of the
SLP-76 RK mutation. Since ADAP activates T cells, I investigated whether interactions
between the SLP-76 SH2 domain and ADAP contribute to T cell activation.

7.3.4. The contribution of microcluster persistence versus movement to T cells
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Studies that mutated regions of either SLP-76 or known binding partners of SLP76 have shed light on requirements for microcluster assembly, composition, and
functions (32, 81, 83, 88, 91, 92). The assembly of TCR-dependent SLP-76 microclusters
largely depends on phosphorylation-dependent scaffolding interactions between the
adaptors LAT and GADS (81, 93). By contrast, the interactions between SLP-76 and the
effector Vav1, the SAM domain, and a region of SLP-76 that also interacts with PLCγ1,
are dispensable for microcluster formation, but influence their persistence and movement
(32, 81-84, 93). Overall, mutations preventing microcluster assembly completely
diminish T cell activation. Mutations that reduce microcluster persistence and movement
dampen calcium entry and proliferation to a greater extent than upregulation of activation
markers like CD69 and CD25 (81-83, 86, 93). Because of the extent to which movement
depends on persistence, we do not yet know whether differential aspects of activation
depend on persistence, movement, or both.

7.3.5. Possible mechanisms of microcluster movement
Although the mechanisms of microcluster centralization are unknown, many
reports have indicated that they are intimately tethered to the actin cytoskeletal and
microtubule networks (77, 84, 94, 95). At the immune synapse, the peripheral
lamellipodia display actin treadmills, which describe the apparent inward movement of
actin. A balance of outward F-actin growth and disassembly on opposing ends generates
these treadmills. While the WASP family of proteins promotes actin polymerization, the
actin related proteins 2 and 3 (Arp2/3) are responsible for generating the branched actin
networks such that the lamellipodia appear as sheets. Recent observations have indicated
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that retrograde actin flow in the periphery generates movement of peripheral
microclusters, while contractile myosin plays a role in their central accumulation (94,
95). The importance of a stable actin cytoskeleton is observable upon treating the cells
with cytochalasin D, which simultaneously slows retrograde actin flow and SLP-76
microcluster centralization (84). SLP-76 microclusters have also been observed moving
along microtubules, suggesting that these microfilaments may also play a role in
microcluster centralization. Thus, many arms of the cytoskeleton are likely to contribute
to microcluster movement.
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7.4. ADAP and the immune system
7.4.1. ADAP is an adaptor in the hematopoietic system
The adhesion and degranulation-promoting adapter protein (ADAP) is a multidomain-containing protein that was originally cloned based on its ability to bind the SH2
domains of the Src kinase, Fyn and SLP-76 (22, 23, 96). ADAP is expressed in all
hematopoietic lineages except for red blood cells and B cells (26, 89). ADAP is
expressed in developing T cells, beginning at the CD4-CD8- double negative (DN) stage,
and at all successive stages of development. ADAP is regulated throughout development,
with protein levels increasing during positive and negative selection, indicating that it
receives signals from the TCR (26, 89). ADAP exists in two forms, the p120 and the
p130 forms, which are products of alternative splicing. The ADAP-120 isoform is
expressed predominantly in developing T cells, and is also expressed in mature cells in
the periphery. The ADAP-130 isoform is predominantly expressed in peripheral T cells.
Original studies assessing the functions of ADAP involved its expression as a chimeric
protein with Fyn and SLP-76 in COS cells (20, 34). These studies revealed that both p130
and p120 contribute similarly to T cell signals (97). To date, no one knows whether these
proteins function in divergent manners. However, in vitro ADAP is phosphorylated
largely by Fyn, and this phosphorylation facilitates its interactions with SLP-76 (20, 34).

7.4.2. ADAP contains multiple protein binding regions
As noted in Figure 7.14, ADAP contains multiple regions that are predicted to
interact with other proteins. Since regions in the ADAP N-terminus are mostly
unexplored for their prospective contribution to T cell activation, we used evolutionary
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conservation to divide up its N-terminus into regions that I explored for their contribution
to SLP-76 microclusters and ADAP phosphorylation (discussed further in Section
10.3.8).
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Figure 7.14: Conserved regions among ADAP family members.
The ADAP family is well conserved. Alternative splicing of mRNA results in the
production of two isoforms of ADAP that are 120 kDa and 130kDa. Within the ADAP Nterminus, both isoforms are completely identical. ADAP is more distantly related to
PRAM and CAH73130; the latter has not yet been characterized. The conserved regions
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of these proteins share similar splice boundaries with ADAP, and therefore are ADAP
paralogs.
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Beginning with its N-terminus, is a proline-rich sequence that consists of 7 ‘KP’dipeptide motifs, that we predict are responsible for its interaction with actin-binding
protein 1 (Abp1) (98). ADAP also contains a second proline rich sequence that associates
with the SH3 domain of SKAP55 in T cells and the homolog of SKAP55 (SKAPHom),
which is ubiquitously expressed (29, 99, 100). Next, ADAP contains a third proline rich
region, different from the last two mentioned, of unknown function. The proline rich
sequence is a LPPPPP motif that is also expressed in the ROBO receptor, which binds the
cytoskeletal regulators found in lamellipodia and at the tips of filopodia, Ena/VASP
proteins. Thus, this region might facilitate interactions with this family of proteins.
ADAP also contains two domains that are predicted to bind acidic lipids, and are
distantly related to SH3 domains. These domains are helically extended SH3 domains
that contain amphipathic helices that fold into the peptide-binding pocket of the SH3
region. This results in a highly positively charged surface area and blocks the ability of
the SH3 region to bind prolines (101, 102). These two hSH3 domains are at the
boundaries of the C-terminal portion of ADAP, such that a linker region in sandwiched
between them. In this linker region are the SLP-76-binding tyrosines, Y595 and Y651,
and the Fyn SH2 domain-binding tyrosine, Y625 (34). A conventional Ena/VASP
Homology Ligand 1 (EVHL1) motif is found beginning at aa 617, and is ‘FPPPPP.’ This
motif was shown to be responsible for interacting with VASP in vitro, and was assumed
to recruit ADAP to the periphery of human platelets (103). At the very C-terminus of
ADAP are two tyrosines, one that shares homology with the SLP-76-docking tyrosines
(Figure 7.15).
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Figure 7.15: Prioritizing regions of ADAP to address its impacts on SLP-76
microclusters.
Many features of ADAP are highly conserved. I used evolution as a guide to assess
whether distinct regions in the ADAP N-terminus contribute to ADAP phosphorylation
and SLP-76 microcluster stability.
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Despite the multiple binding regions in ADAP, its functions in T cells remain
understudied. In T cells, ADAP is known to interact with both SLP-76 and SKAP55 to
activate integrins, contributes to actin cytoskeletal rearrangements, and also binds the
CBM complex and TAK1 to facilitate NFκB activation (21, 25, 27, 29, 32, 33, 35-37, 59,
104). Thus, ADAP has fundamentally important roles in T cells, indicating that the rest of
the molecule deserves some investigation.
In vivo, ADAP was shown to be a kinase substrate of Fyn and cSrc, although it
appears to either require more than one kinase, or it is the substrate of a kinase that is
regulated by Fyn, since phosphorylated ADAP was reduced, but still substantial, in Fyndeficient mice (105, 106). ADAP has 16 tyrosines, and is a hub for phosphorylation (104,
107). Three tyrosines in the N-terminus of ADAP are present, yet only one, Y461 is a
potential phosphorylation site. Since the C-terminus of ADAP appears to control ADAP
phosphorylation (108), this site is either a downstream target on ADAP or it may be
phosphorylated in resting cells, and dephosphorylated when T cells are activated. Since
this tyrosine is near the atypical Ena/VASP-binding region in ADAP, it might be
phosphorylated in resting cells to control its recruitment to either filopodia or
lamellipodia. ADAP has two tyrosines that are located in parallel regions of each hSH3
domain (104, 107). The phosphorylation of these tyrosines appears to be a requirement
for proper folding of each domain. Further, at the base of the helical region are two
tyrosines that do not appear to become more phosphorylated following T cell activation.
The other tyrosines of ADAP were discussed above, and Chapters 2 and 3 also contribute
to discussion of the involvement of these tyrosines in T cells.
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7.4.3. Initial confusion over the role of ADAP downstream of the TCR
The early studies of ADAP were inconclusive regarding whether ADAP was an
agonist or an antagonist for T cell signaling. The Koretzky Group observed augmented T
cell signals when SLP-76 was transfected into T cells, and impaired T cell activation
when ADAP was additionally transfected (23). These observations indicated that ADAP
impaired T cell activation. However, the Rudd laboratory observed ADAP as a positive
regulator of cascades that were initiated downstream of the TCR (20). Of note, the Rudd
group also showed that the levels of ADAP expression at the protein level are crucial,
since vast overexpression will dampen T cell responses (22).

7.4.4. ADAP deficient mice revealed positive functions for ADAP in T cell
activation
ADAP-deficient mice confirmed that ADAP positively contributes to T cell
signals. T cell development and function are both impaired in ADAP-deficient mice (26,
89). Although ADAP-deficient mice have defects in positive and negative selection,
peripheral T cells are still observed. These T cells that manage to make it to the
periphery, however, are not normal, and display impaired proliferation and IL-2
production in response to stimulation with the CD3ε antibody. These defects cannot be
overcome with costimulation by using antibodies against CD28, nor does treating the
cells with phorbal ester (PMA) overcome these defects. However, ionomycin, which
stimulates intracellular calcium release in the absence of TCR stimulation, is sufficient to
overcome these defects, indicating that ADAP-deficient T cells are not globally defective
(26, 89). Both the Rudd and Koretzky groups established that ADAP-deficient animals
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display diminished IL-2 production, proliferation, and integrin clustering when
challenged with the T cell dependent OVA antigen and in response to TCR-specific
antibodies, respectively (27, 33). Thus, ADAP contributes to important events in T cell
activation.
As mentioned earlier, ADAP is also required for proper activation of NFκB (25).
Although ADAP activates integrins in a SKAP55-denpendent manner, ADAP activates
this pathway independently of SKAP55 suggesting a ‘two pools’ model of ADAP in T
cells (59). The CBM complex is assembled downstream of T cell activation, in a PKCθdependent manner. This complex coordinates the activation of IKK. Yoji Shimizu’s
group discovered that ADAP is integral for the assembly of the CBM complex, using
cells from ADAP-deficient mice that were reconstituted with WT or mutants of ADAP
(25). In this study, they noted that ADAP directly interacts with CARMA1 to facilitate
the assembly of the complex. Subsequently, IKKγ is ubiquitinated, leading to NFκB
activation. However, the TAK1 kinase is also required for this pathway, and the Shimizu
group later revealed that ADAP also recruits TAK1 through a direct association, leading
to the phosphorylation of IKKα/β (36). Thus, by binding CARMA1 and TAK1 through
discrete regions present in its C-terminus, ADAP controls the responses required for
NFκB activation.
Recently the Shimizu group further reported that ADAP contributes to (MAP
kinase kinase 7) MKK7 activation and recruitment to PKCθ through the CARMA1binding site in its C-terminus (35). In this manner, ADAP contributes to JNK activation,
which mediated the induction of cyclin dependent kinase 2. While both the CARMA1
and TAK1 binding sites in ADAP are essential for restraining cyclin E ubiquitination and
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turnover, independently of JNK activation. Thus, ADAP contributes to distinct
CARMA1-dependent control of key cell cycle proteins in T cells.

7.4.5. How does ADAP have such profound effect on T cells?
Despite its impact on T cell activation at both the molecular and transcriptional
levels, ADAP does not affect the tyrosine phosphorylation of TCR proximal proteins, nor
does it affect calcium responses. These observations suggest that ADAP does not
function at the plasma membrane. As ADAP has been observed in complexes with
cytoskeletal proteins, such as Nck, WASP, and VASP, ADAP might affect T cells as a
cytoskeletal protein (98, 103, 104, 107, 109). In support, Pauker et al. recently reported
that ADAP plays a redundant role with Nck in recruiting WASP to SLP-76 microclusters
and in generating actin rearrangements (32). Also in support, Nck, Vav1, and SLP-76
form a complex that regulates the activation of p21-activated protein kinase (PAK-1),
which induces actin polymerization (110). Nck and WASP also associate, with WASP
activating the Arp2/3 family of proteins that generate the branched actin meshwork in
lamellipodia. Taken together, these observations and links suggest that ADAP functions
in T cells as a cytoskeletal adaptor.

7.4.6. ADAP may associate with polymerizing actin
The Ena/VASP family of proteins localizes to focal adhesions, complexes of
cytoskeletal proteins that surround integrins and contribute to the force generating
systems on the cytoskeleton, and was observed in the lamellipodia of platelets (103). The
F/LPPPPP motifs in ADAP are similar to those previously described for cytoskeletal
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proteins zynxin and vinculin, and is also present in the ActA motility factor in L.
mobocytogenes (103). Since Ena/VASP proteins direct expanding actin filaments
outward, generating protrusive, fingerlike projections known as filopodia, they may also
recruit ADAP to filopodia. Although ADAP-deficient T cells do not display global
defects in cell shape, they are defective in generating clusters of integrins, which suggests
that ADAP could be recruited to areas of active cytoskeletal rearrangements (33).

7.4.7. Linking the cytoskeleton to the plasma membrane – A role for ADAP?
Despite its dramatic enhancement on integrin clustering and activation, conjugate
formation, actin rearrangements, and WASP recruitment, we do not completely
understand the mechanisms underlying how ADAP functions in T cells. Since ADAP is
clearly associated with cytoskeletal proteins and also interacts with SLP-76, we assessed
whether ADAP controls T cell activation as a SLP-76 microcluster component. Other
proteins in T cells are known for their ability to link the cytoskeleton to the plasma
membrane, including the ERM family of proteins that require dephosphorylation to act
downstream of activating receptors. Vav1 also links the TCR to the cytoskeleton, as do a
number of proteins that are microcluster components. Thus, there is precedence for
ADAP to similarly function as a bridge that links the TCR to the cytoskeleton. Also, the
interaction of the N-terminus of ADAP with Abp1 may link signaling complexes to actinrich structures (98), and suggests a role for ADAP in linking the TCR and SLP-76
microclusters to the actin-cytoskeleton. Because ADAP deficiency or knockdown results
in increased proteolysis of SKAP55, we know that stable SKAP55 expression is
contingent upon ADAP expression. Through the literature we have identified that the
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association between the AH4 motif of ADAP and the SH3 domain of SKAP55 is required
for integrin clustering and functioning (28). Thus, SKAP55 might also contribute to
ADAP phosphorylation, by tethering it to its kinase, or might alternately contribute to its
ability to enter SLP-76 microclusters in an unconventional manner. In this thesis, I assess
whether specific regions in ADAP contribute to immune synapse formation and
microcluster stability.
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8. SIGNIFICANCE
The observations in this thesis suggest that ADAP contributes a more important
role to SLP-76 microclusters than the literature suggests. Further, the observations
suggest that the interaction between ADAP and SLP-76 is not binary, and requires
multivalent interactions through the SLP-76 docking tyrosines and other scaffolding
regions of ADAP. The observations here pave the way for future studies in which a more
in-depth look at ADAP is desired. Since not much was previously known regarding the
phosphorylation of ADAP prior to this thesis, multiple observations in Chapter three shed
light on a potential multistep phosphorylation program that ADAP undergoes, both prior
to microcluster entry and as a microcluster component. Finally, although ADAP is always
placed downstream of SLP-76 in the TCR signaling cascade, I provide evidence that the
TCR recruits ADAP in a SLP-76-independent pathway. As a result, I have realigned
ADAP in the signaling hierarchy so that it is placed at levels that are more parallel to
LAT. In this realignment, ADAP merges with SLP-76 to stabilize microclusters and
promotes adhesion to TCR ligands and to integrin ligands. That the TCR recruits ADAP
prior to its interaction with SLP-76 is completely novel and suggests that other ITAMbased signaling pathways also might require some reassessment.
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9. MATERIALS & METHODS
9.1. Vectors and primers
Table 1. A comprehensive list of the vectors used in this thesis.
Promoter

Species

3725

EF1αv6

hs

3xFlag.TRT

3735

EF1αv6

hs

3xFlag.TRT.ADAP-120

JBL

5412*

5411

EF1αv6

hs

3xFlag.TRT.ADAP-130

SCB

5411*

3736

EF1αv6

hs

JBL

5414*

3737

EF1αv6

3xFlag.TRT.ADAP-120.Y595F
3xFlag.TRT.ADAP-120.2YF
(Y595F/Y651F)
3xFlag.TRT.ADAP-120.3YF
(Y595F/Y625F/Y651F)

JBL

5416*

MKP

5417*

3768

EF1αv6

hs
hs

Protein Description

Originator

Lenti equivalent
construct number

Construct #

JBL

3772

EF1 αv6

hs

3xFlag.TRT.ADAP-120.Y651F

JBL

5415*

3701

CMV

hs

3xFlag.mCFP.ADAP-120.Y625F

JBL

5413* (EF1αv6/TRT)

3733

EF1αv6

hs

3xFlag.TRT.ADAP-120.C-term.WT

JBL

5420*

3769

EF1αv6

hs

3xFlag.TRT.ADAP-120.C-term.Y595F
3xFlag.TRT.ADAP-120.C-term.2YF
(Y595F/Y651F)
3xFlag.TRT.ADAP-120.C-term.3YF
(Y595F/Y625F/Y651F)

JBL

5421*

JBL

5422*

3770

EF1αv6

hs
hs

3771

EF1αv6

JBL

5423*

3732

EF1αv6

hs

3xFlag.TRT.ADAP-120.N-term

JBL

5419

3734

EF1αv6

hs

3xFlag.TRT.ADAP-120.Linker

JBL

3746

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆AH4

JBL

5428*

3744

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆AH1-4

JBL

5427*

3755

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆ChSH3

EAD

5431*

3757

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆NhSH3

JBL

5430*

3731

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆hSH3

JBL

5432*

3758

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆AH1-3

JBL

5426*

3754

EF1αv6

hs

3xFlag.TRT.ADAP-120.∆AH5

JBL

5429*

3766

SRα

hs

JBL

3766

3765

H1/ SRα

hs

JBL

3765

3763

H1/ SRα

hs

3xFlag.TRT.ADAP-120
H1: shRNA ADAP 3’UTR/
SRα:3xFlag.TRT
H1: shRNA ADAP 3’UTR/
SRα:3xFlag.TRT.ADAP-120.WT

JBL

3763

3721

SRα

hs

mCFP.PTEN.WT

JBL

3760

JBL

3761

hs

mCFP.PTEN.C/S
(phosphatase-inactive)

3713

CMV

hs

Fyn.WT.mCherry

JBL

4142

CMV

hs

2xHA.SLP-76.WT.mYFP

SCB

(SRα; 5433*)

3738

CMV

hs

2xHA.SLP-76.R448K.mYFP

JBL

(SRα; 5434*)

3752

CMV

mm

2xHA.SLP-76.WT.mYFP

JBL

3753

CMV

mm

2xHA.SLP-76.R448K.mYFP

JBL

4060

CMV

hs

mCFP.actin

SCB

3722

SRα

* These lentiviral vectors were used to create J14.SY cells that stably express the
indicated protein descried.
The details on the construction of each expression vector follow
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Expression vectors bearing TagRFP-Turbo (TRT) was produced by performing
overlap extension PCRs to eliminate internal BsrG I sites (bold) and subcloning the
product into the Age I and BsrG I sites (underline) of Clontech EGFP-n1 and EGFP-c1
vectors.
TagRFP-Turbo (TRT) (overlap extension (OE) PCR)
SCB440.fwd: 5' GCCGACCGGTCGCCACCATGGTGTCTAAGGGCGAAGAG 3'
SCB441.rev: 5' CGGACTTGTACAGCTCGTCCATGCCA 3'
SCB442.rev: 5' GCACATGAAGCTATACATGGAGGGCACCGTG 3'
SCB443.fwd: 5' GCCCTCCATGTATAGCTTCATGTGCATGTTCTCC 3'

The 2xHA-tagged wild-type Homo sapiens SLP-76.YFP chimera and various Mus
musculus EGFP.SLP-76 chimeras have been described (77). The Homo sapiens R448K
mutant (bold) was generated by overlap extension PCR and subcloned into the previously
described vector at EcoR I and BamH I sites (underlined). The Mus musculus SLP-76
inserts were recovered from the previously described EGFP.SLP-76 chimeras by adding
linker sequences and subcloning the PCR product into the Spe I and BamH I sites
(underlined) of the Homo sapiens SLP-76.WT vector (81, 93).

Homo sapiens SLP-76.RK (OE PCR)
JBL922.fwd: 5' GCACATTTCTGGTCAAAGACAGtTCGAAAAAAACAACAACC 3'
JBL923.rev:

5' GAACAGCTCCTCGCCCTTGCTCACCAT 3' (external to BamHI)

JBL924.rev:

5' GTTGTTGTTTTTTTCGAACTGTCTTTGACCAGAAATGTGCC 3'

JBL925.fwd: 5' CCATCCCCCGCGGAGGAAGAGAATTCATTAAATGAAGAG 3'
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Mus musculus SLP-76
JBL926.fwd: 5' CCCCCGGGAGAGCAGCCATGGCCTTGAAGAATGTCCC 3'
JBL927.rev:

5' GCTCCACCGCCCCCCAGACAGCCTGCAGCG 3'

JBL928.fwd: 5' GGATCGACTAGTCGATCCCCCGGGAGAGCAGCC 3'
JBL929.rev:

5' GGTGGATCCCGGGCCCCTGCTCCACCGCCCC 3'

Homo sapiens ADAP-120 was PCR amplified from Jurkat-derived cDNA and
subcloned into a Clontech 'n1-type' backbone using Xho I and Age I sites (underlined) in
order to tag ADAP at the C-terminus. Homo sapiens ADAP-120 was re-amplified and
subcloned into a Clontech 'c1-type' backbone using Xho I and Kpn I sites (underlined) to
tag ADAP at the N-terminus. ADAP-130 was poorly expressed in Jurkat; therefore, this
splice variant was recovered using overlap extension PCR primers internal to the
alternatively spliced exon.

Homo sapiens ADAP-120 (C-term tags)
SCB224.fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
SCB225.rev:
5' CCACGGTACCTATACCGGTTGATCATTGTCATAGATGCAGCCATC 3'

Homo sapiens ADAP-120 (N-term tags)
SCB224.fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
SCB414.rev:
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5' CCACGGTACCTATACCGGTTAATCATTGTCATAGATGCAGCCATC 3'
JBL917.rev:

5' CGGTACCTATACCGGCTAATCATTGTCATAGATGCAGCC 3'

Homo sapiens ADAP-130 (OE PCR)
SCB412.fwd: 5' CAAGAGAAGAGTAATACGTGGTCC 3'
SCB413.rev: 5' AACATCTTCAAAATCCCCCAGGAC 3'

ADAP tyrosine mutants were constructed by overlap extension PCR and
subcloned into the chimeras above. The 2YF (Y595F/Y651F) and 3YF
(Y595F/Y625F/Y651F) mutants were assembled serially.

ADAP tyrosine mutants (OE PCR)
KEN554.fwd: 5' TCCCCCCGGGATACTCAACAACTTCCCTGC 3'
SCB414.rev:
5' CCACGGTACCTATACCGGTTAATCATTGTCATAGATGCAGCCATC 3'
ADAP tyrosine mutants, internal overlap extension primers
KN567.fwd: 5' GACCAAGAAGTATTTGATGATGTTGCAGAG 3'

(Y595F)

KN568.rev:

(Y595F)

5' CTCTGCAACATCATCAAATACTTCTTGGTC 3'

KN569.fwd: 5' GATGATGACATTTTTGATGGGATTGAAGAG 3'

(Y625F)

KN570.rev:

(Y625F)

5' CTCTTCAATCCCATCAAAAATGTCATCATC 3'

KN571.fwd: 5' GGAGATGAAGTTTTCGATGATGTGGATACC 3'

(Y651F)

KN572.rev:

(Y651F)

5' GGTATCCACATCATCGAAAACTTCATCTCC 3'
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The C-terminal fragment of ADAP-120.WT was assembled in three steps: 1) A
recipient vector was assembled with KN564/565 primers. 2) The ADAP-120 C-terminus
was PCR amplified and subcloned into the XhoI/AgeI sites of the recipient vector using
KN556/561. 3) The C-terminal fragment was subcloned into XhoI/XmaI sites of a
Clontech c1n-type recipient vector.
The YF-bearing C-terminal fragments were PCR-amplified directly from the fulllength ADAP-120.YF chimeras using JBL932/935 and subcloned into XhoI/NotI sites of
the same Clontech c1n-type vector as the WT counterpart.

ADAP-120 C-terminal fragment
KN564.fwd: 5' TCGAGACGCCACCATGGGCCCGGGTGGA 3'
KN565.rev:

5' CCGGTCCACCCGGGCCCATGGTGGCGTC 3'

KN556.fwd: 5' TCCCCCCGGGATCCAAAGAAAGAGAGAAGAAAAGG 3'
KN561.rev:

5' CTATACCGGTCCATCATTGTCATAGATGCAGC 3'

JBL932.fwd:
5' CCTCGAGGGGCCACCATGTCCAAAGAAAGAGAGAAGAAAAGGG 3'
JBL935.rev:
5' GCGGATGCGGCCGCATGCTAATCATTGTCATAGATGCAGCC 3'

The N-terminal fragment of ADAP-120.WT was assembled by directly PCR
amplifying the N-terminus of ADAP with SCB224/KN555 primers and ligating the PCR
product into the AgeI/XmaI sites of a Clontech c1-type vector. The N-terminus was
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removed by restriction digest at the XhoI/AgeI sites and subcloned into the XhoI/XmaI
sites of the same Clontech c1n-type vector as the WT full-length counterpart.

ADAP N-terminal fragment
SCB224fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
KN555rev: 5' CTATACCGGTCCTGCTTCTATGTCTTCATATGTTTC 3'

Internal deletion mutants
The ADAP mutants that contain internal deletions were assembled by first,
performing two separate PCR reactions that amplified the regions that were kept and
second, subcloning the regions into the same Clontech c1n-type plasmid as the WT
counterpart, *unless otherwise noted.

ADAP∆NhSH3
*The linker and C-terminal helically extended SH3 domain (C-hSH3) were PCRamplified with primers JBL934/JBL935 and subcloned into a Clontech c1n-ype plasmid
that contains only the ADAP Homology (AH) regions 1-5 at the BamH1 and NotI
restriction sites.

JBL934fwd:
5' CCGGGATCCGCCACCATGAAACTGAAAAAAGACTCTCTTGGTGC 3'
JBL935rev: 5' GCGGATGCGGCCGCATGCTAATCATTGTCATAGATGCAGCC 3'
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ADAP∆ChSH3
The relevant PCR-amplified sequence was subcloned using the XhoI/BshTI
restriction sites.

SCB224fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
KN559rev: 5' CTATACCGGTCCTCCAAAATTAGTTCCTTGAC 3'

ADAP∆hSH3
*This fragment lacks both hSH3 domains and was subcloned into a Clontech c1nype plasmid that contains only the ADAP Homology (AH) regions 1-5 at the BamH1 and
NotI restriction sites.

JBL920fwd:
5' CCCGGATCCGCCACCATGGACCAAGAAGTATATGATGATGTTGCAGAG 3'
JBL921rev:
5' GGCCGCGGCCGCGTTATCCAAAATTAGTTCCTTGACTCATCTCTGC 3'

ADAP Linker
JBL920fwd:
5' CCCGGATCCGCCACCATGGACCAAGAAGTATATGATGATGTTGCAGAG 3'
JBL921rev:
5' GGCCGCGGCCGCGTTATCCAAAATTAGTTCCTTGACTCATCTCTGC 3'
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ADAP∆AH1-3
*The relevant PCR-amplified sequence was subcloned using the XhoI/NotI
restriction sites.

JBL937fwd: 5' CCGCTCGAGCCGCCACCCCGAAACAGAAGCC 3'
JBL935rev: 5' GCGGATGCGGCCGCATGCTAATCATTGTCATAGATGCAGCC 3'

ADAP∆AH1-4
KN554fwd: 5' TCCCCCCGGGATACTCAACAACTTCCCTGC 3'
KN561rev: 5' CTATACCGGTCCATCATTGTCATAGATGCAGC 3'

ADAP∆AH4
KN554fwd: 5' TCCCCCCGGGATACTCAACAACTTCCCTGC 3'
KN561rev: 5' CTATACCGGTCCATCATTGTCATAGATGCAGC 3'
SCB224fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
KN551rev: 5' CTATACCGGTCCTGAATTCTTGTCTCCCTT 3'

ADAPAH5
KN556.fwd: 5' TCCCCCCGGGATCCAAAGAAAGAGAGAAGAAAAGG 3'
KN561.rev:

5' CTATACCGGTCCATCATTGTCATAGATGCAGC 3'

SCB224fwd: 5' GCGGCTCGAGACGCCACCATGGCGAAATATAACACGGGG 3'
KN553rev: 5' CTATACCGGTCCAGACGTCTGGCCTTTGCTAG 3'
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Wild-type Fyn subcloning primers
JBL911fwd:
5' CCCTTAAGCCAGGCACCATGTCTCCGGAGTCCTTCCTGGAGGAGG 3'
JBL902rev:
5' CGGCACCGGTGCACCCAGGTTTTCACCGGGCTGATAC 3'

PTEN subcloning primers
JBL915fwd:
5' GCCGCTCGAGGGGCCACCATGACAGCCATCATCAAAGAGATC 3'
JBL916rev:
5' CGCGGAATTCGATCAGACTTTTGTAATTTGTGTATGCTGATCTTC 3'

To construct shRNA vectors targeting the 3' untranslated region of Homo sapiens
(bold), oligos were annealed and subcloned into the BglII and HindIII sites (overhangs
underlined) of pFRT-H1p/Hygro. A fragment containing the H1 promoter and shRNA
cassette was amplified by PCR, cut with Spe I and Nhe I, and subcloned into a pLEXMCS-based lentiviral expression vector at a SpeI site upstream of an SRa promoter
driving expression of either 3xFlag.TRT or mTagBFP fluorescent marker and an IRESdriven puromycin-resistance cassette.

ADAP shRNA (targets 3'UTR of Homo sapiens ADAP)
KN514fwd: 5' GATCCGTATGCACATTGAAGTCTATTGAAGAGA 3'
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KN515.rev: 5' TCTATCTCTTCAATAGACTTCAATGTGCATACG 3'
KN516.fwd: 5' TAGACTTCAATGTGCATACTTTTTGGA 3'
KN517.rev: 5' AGCTTCCAAAAAGTATGCACATTGAAG 3'
JBL930.fwd: 5' GACAGCACTAGTCGAACGCTGACGTCATCAACC 3'
JBL936.rev: 5' GGCGCTAGCCGACGGTATCGATAAGCTTCCAAAAAG 3'
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9.2. Plasmid constructs
The names of all chimeras strictly correspond to the sequences of their constituent
parts, from N- to C-termini. Fluorescent Proteins: Fluorescent protein tagging vectors
based on pEGFP-c1 and pEGFP-n1 (Clontech), but encoding conventional and
monomeric forms of YFP and CFP have been described (111). Tagging vectors encoding
TagRFP-Turbo (TRT) and mTagBFP were generated by PCR from templates provided
by Roger Tsien or purchased from Evrogen (112). Where indicated, sequences encoding
triple FLAG epitope tags (3xFlag) were appended 5' to the fluorescent protein. SLP-76
Chimeras & Mutants: The vector expressing HA-tagged Homo sapiens SLP-76.YFP
(2xHA.hsSLP-76.YFP) has been described (77). The SLP-76 R448K mutation (SLP76.RK) was introduced by overlap extension PCR. Inserts encoding wild-type and
R448K mutant forms of Mus musculus SLP-76 were recovered from vectors encoding
EGFP.mmSLP-76 chimeras by PCR and were subcloned into the same framework as
human SLP-76 (Bunnell et al, 2006; Singer et al, 2004). WT and RK-bearing
2xHA.hsSLP-76.YFP chimeras were subcloned into lentiviral expression vectors based
on pLEX-MCS (Open Biosystems). ADAP Chimeras & Mutants: The cDNAs for Homo
sapiens ADAP-120 and ADAP-130 were recovered from total Jurkat cDNA (SMART
cDNA Synthesis Kit, Clontech) by PCR and subcloned into fluorescent protein tagging
vectors. ADAP expression was driven by either the SRα promoter or a modified EF1α
promoter. ADAP tyrosine mutants and C-terminal fragments were generated by overlap
extension PCR and subcloned into a Clontech c1-type vector. Where indicated, ADAP
chimeras were subcloned into a modified version of pLEX-MCS lacking the IRESpuromycin cassette. ADAP shRNA: The ADAP-specific short hairpin RNA (shRNA)
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targets a sequence present in the 3' untranslated region: GTATGCACATTGAAGTCTA.
Hairpins were constructed in the suppression vector pFRT-H1p/Hygro, provided by Dan
Billadeau. All ADAP chimeras lack the native 3' UTR and are hairpin-resistant.
Lentiviral Packaging Vectors: The lentiviral packaging vector psPAX2 (Addgene
plasmid 12260) and the VSV-G pseudotyping vector pMD2.G (Addgene plasmid 12259)
were developed by Didier Trono.
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9.3. Cell lines and transfections
Table 2. A comprehensive list of the stable cell lines used in this thesis.
Cell line name

Parental cell line

Species

Protein of interest

Jurkat

hs

JDAP

Jurkat

hs

E6.1

Jurkat

hs

EGFP.actin

E6.1

hs

J14.SY

J14

5412*

J14.SY

hs

ADAP-120

Endogenous levels; 3xFlag.TRT-tagged

5411

J14.SY

hs

ADAP-120.Y595F

Endogenous levels; 3xFlag.TRT-tagged

5416*

J14.SY

hs

ADAP-120.2YF

Endogenous levels; 3xFlag.TRT-tagged

5417*

J14.SY

hs

ADAP-120.3YF

Endogenous levels; 3xFlag.TRT-tagged

5415*

J14.SY

hs

ADAP-120.Y651F

Endogenous levels; 3xFlag.TRT-tagged

5413*

J14.SY

hs

ADAP-120.Y625F

Endogenous levels; 3xFlag.TRT-tagged

5420*

J14.SY

hs

ADAP-120.C-term.WT

Endogenous levels; 3xFlag.TRT-tagged

5421*

J14.SY

hs

ADAP-120.C-term.WT.Y595F

Endogenous levels; 3xFlag.TRT-tagged

5422*

J14.SY

hs

ADAP-120.C-term.WT.2YF

Endogenous levels; 3xFlag.TRT-tagged

5423*

J14.SY

hs

ADAP-120.C-term.WT.3YF

Endogenous levels; 3xFlag.TRT-tagged

5428*

J14.SY

hs

ADAP-120.∆AH4

Endogenous levels; 3xFlag.TRT-tagged

5427*

J14.SY

hs

ADAP-120.∆AH1-4

Endogenous levels; 3xFlag.TRT-tagged

3731*

J14.SY

hs

ADAP-120.∆ChSH3

Endogenous levels; 3xFlag.TRT-tagged

5430*

J14.SY

hs

ADAP-120.∆NhSH3

Endogenous levels; 3xFlag.TRT-tagged

5432*

J14.SY

hs

ADAP-120.∆hSH3

Endogenous levels; 3xFlag.TRT-tagged

5426*

J14.SY

hs

ADAP-120.∆AH1-3

Endogenous levels; 3xFlag.TRT-tagged

5429*

J14.SY

hs

ADAP-120.∆AH5

Endogenous levels; 3xFlag.TRT-tagged

J14

hs

J14

hs

J14.SY

hs

5433*
5434*
JSKAP.SY

hs

SLP-76
ADAP-120 and -130/
SKAP55

Expression

J14

Actin
SLP-76

SLP-76.WT
SLP-76.RK
SKAP55

Deficient
Deficient/
Deficient
Endogenous levels; EGFP-tagged
Overexpressed ~50 times; 2xHA-Ntagged; YFP-C-tagged

Endogenous levels;
2xHA-N-tagged; YFP-C-tagged
Endogenous levels;
2xHA-N-tagged; YFP-C-tagged
Deficient (shRNA ) made by MJO

*These cell lines were created by using the lentiviral expression vectors indicated
above (‘9.1 Vectors & Primers’).
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The SLP-76-deficient (J14) Jurkat T cell line and the SLP-76-deficient Jurkat T
cell line reconstituted with YFP-tagged SLP-76 (J14.SY)were described previously (81).
The ADAP-deficient (JDAP) Jurkat T cell line was supplied by Ron Wange (113).
Transfections were described previously (81). J14.SY cells stably expressing WT and
mutant ADAP chimeras were generated by lentiviral infection and flow cytometry-based
sorting for matched levels of SLP-76.mYFP and TRT.ADAP. Jurkat T cell culture was
previously described (81, 113). The 293T human renal epithelial cells were cultured in
Dulbecco's modified Eagles medium (DMEM, Cellgro) supplemented with 10% fetal calf
serum, 200 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin, in a
humidified incubator with 5% CO2.
9.4. Lentiviral production and infection
Packaging reactions used 293T cells at ~65-75% confluency. For each 10 cm
plate, a mix of 18µl FuGENE 6 Transfection Reagent (Roche) and 142µl serum-free
DMEM was prepared and incubated at RT for 5 minutes. In parallel, lentiviral vectors (3
µg pLEX-based plasmids) were combined with 1.5 ug psPAX2 packaging plasmid and
0.5 ug pMD2.G envelope plasmid in 40µl serum-free DMEM. The cocktails were
combined and incubated at RT for 30 min. The DNA/FuGENE cocktail was added to
293T cells and after 12-15 hours the transfection mixture was replaced with fresh
DMEM. Lentiviral supernatants were harvested 66-72 hours post transfection. To
transduce Jurkat cells, equal parts of fresh RPMI, Jurkat cells, and lentiviral supernatants
were combined. Infection rates were assessed after 48 hours and exceeded 50%.
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9.5. Antibodies
T cells were stimulated with antibodies specific for CD3e (OKT3, BioExpress) or
the Vβ8 subunit of the TCR (C305, from Gary Koretzky). Western blots were performed
using antibodies against ADAP (BD Transduction Laboratories), FLAG (M2, Sigma),
GFP (JL-8, Clontech; detects most GFP variants), phosphotyrosine (pY) (4G.10,
Millipore), pY783 PLCg1 (Biosource), SKAP55 (from Stefanie Kliche), SLP-76
(Antibody Solutions), pY145 SLP-76 (Sigma), γ-Tubulin (Sigma), and pY319 ZAP-70
(Cell Signaling). Immunoprecipitations were performed with antibodies against FLAG or
GFP (ab290, Abcam; captures most GFP variants). Surface expression levels were
assessed by flow cytometry using PE-Cy5-conjugated anti-CD69 (FN50, BD
Pharmingen)

and

Alexa-647-conjugated

anti-CD3

(UCHT1,

BD

Pharmingen).

Immunofluorescence studies were performed using Alexa-647 conjugated antibodies
specific for murine IgG1 and rabbit IgG (Molecular Probes).

9.6. Phosphorylated & Unphosphorylated Y595 of ADAP: engineered antibodies
Antibodies targeting the phosphorylated and unphosphorylated forms of ADAP
were generated by injecting rabbits with the phosphopeptide EDDQEVpYDDVAEQD
and collecting antisera following one boost with the phosphopeptide, corresponding to
Y595 in Homo sapiens ADAP-120 (Pacific Immunology Corp). The polyclonal phosphospecific antibody was obtained by affinity purification on the phosphopeptide, and
depletion on the unphosphorylated peptide. By contrast, the polyclonal antibody
remaining after depletion on the phosphopeptide (presumed to be a cocktail that detects
more non-pY595- than pY595-specific antisera) was subsequently affinity purified on the
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unphosphorylated peptide. This eluate was hypothesized to contain mostly non-pY595specific antisera. Specificity tests in Chapter 4 confirmed that these two antisera detect
differential pools of ADAP: pY595: phosphorylated on Y595 and non-pY595:
unphosphorylated on Y595.
9.7. T cell stimulations and immunoprecipitations
T cells were stimulated with a 1:500 dilution of C305 ascites. Where indicated, T
cells were concurrently treated with 1µM pervanadate (equal concentrations of sodium
orthovanadate + hydrogen peroxide). Stimulations were stopped at the indicated times by
dilution into ice cold PBS supplemented with 10mM NaF and 1 mM Na3VO4,
centrifuged, and lysed in ice cold buffer containing 20mM Tris-HCl (pH8.0), 150mM
NaCl, 1mM EDTA, 1% Triton X-100, 10mM NaF, 1 mM Na3VO4, and Complete
Protease Inhibitor Cocktail (Roche). After 10 minutes on ice, lysates were centrifugation
at 4°C. For immunoprecipitations, cleared lysates were incubated with the indicated
antibodies prebound to protein G or A beads (Pierce) for 1-2 hours at RT.
9.8. CD69 and calcium assays
TCR-induced increases in surface CD69 and intracellular calcium were measured
by flow cytometry. In all cases, J14 cells were transfected with vectors encoding either
mYFP or SLP-76.mYFP chimeras. For CD69 assays, transfected cells were stimulated
with OKT3 (10 ng/mL) or phorbol 12-myristate 13-acetate (PMA, 50 ng/mL) for 16
hours at 37˚C. Mean fluorescence intensities (MFI) are shown for cells expressing
matched levels of YFP. Calcium assays were previously described (83). The responses of
subpopulations expressing moderate and high levels of YFP are presented as the
percentage increase in the area under the curve relative to the YFP-null populations
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within the same samples. All flow data were collected on a BD LSRII flow cytometer and
analyzed with FlowJo (version 8.8.7) and Microsoft Excel.
9.9. Classical adhesion assays
T

cells

were

labeled

with

4µM

2',7'-bis(2-carboxyethyl),

5(and

-6)

carboxyfluorescein (BCECF) for 30 minutes at 37˚C. For adhesion to fibronectin, cells
were pre-stimulated with either OKT3 (2 µg/mL) or PMA (50 ng/mL) for 30 minutes at
37˚C before plating. For all assays, T cells were plated in glass-bottomed 96 well plates
pre-treated with 0.01% poly-L-Lysine, left uncoated, coated with OKT3 (10 µg/mL) or
fibronectin (FN, 1µg/mL), and blocked with 1% bovine serum albumin (BSA) in PBS.
Cells were allowed to adhere for 30 minutes at 37˚C, then vortexed and washed to
remove unbound cells. BCECF fluorescence was read on a SpectraMax plate reader at
488nm excitation and 530nm emission before and after vortexing. For adhesion via the
TCR, results are presented as raw fractional retention. For adhesion to fibronectin,
fractional retention was normalized to the PMA-stimulated control.
9.10.

Visual adhesion assays

Jurkat T cells transfected with vectors encoding the indicated fluorescent proteins
were injected into imaging wells coated with or without 10 µg/ml OKT3, incubated at
37˚C for 10 minutes and fixed with 1% paraformaldehyde (PFA, FisherBiotech) and
imaged on the spinning-disk confocal microscope mounted on the SPI camera. Two-step
z-stacks were acquired to capture cells at the plane of contact (0µm) and total cells in the
viewing area (+5µm). Multiple captures were acquired for each condition. Images were
analyzed with iVision (BioVision Technologies) software and % contacts formed = ((#
cells at 0µm)/(# cells at 5µm)) x 100.
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9.11.

Dynamic imaging and immunofluorescence

Cells were stimulated in glass-bottom 96-well plates as previously described (83,
114). Imaging wells were pre-treated with 0.01% poly-L-Lysine, coated with 10 µg/mL
OKT3, and blocked with 1% BSA in PBS. Live and fixed cell imaging runs were
performed in cell culture media supplemented with 25mM Hepes (Cambrex Bio Science).
Live cell imaging runs were acquired over at least 300 seconds. Images were acquired
with a Zeiss 200M stand, a 40x NA 1.3 oil immersion objective, and a Yokogawa CSU10 confocal spinning-disk head. Confocal microscope was mounted on either a
Hamamatsu Orca ER CCD camera or a Stanford Photonics XR MEGA-10 intensified
CCD camera. Images were acquired with Perkin-Elmer or µManger software (115).
Fluorescent protein detection was previously described (77).
9.12.

Image processing

Image stacks were compiled using AppleScript (Apple Computer) and iVision
scripts. Image analysis was performed using iVision scripts. The 'standard deviation over
time' images were produced using ImageJ (NIH) (116). iVision scripts used to quantify
microcluster duration, half-life, movement, maximum sustained speed, and clustering
efficiency were previously described (83). Kymographs were adjusted to negate
variations from plane of focus during acquisitions. Statistical significances were
calculated with Microsoft Excel (Student's t test: two-tailed; unpaired; similar variances).
Figures

were

compiled

using

Microsoft

PowerPoint

and

EZ

Draw.
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10. RESULTS

CHAPTER 1

The SLP-76 SH2 domain and ADAP stabilize adhesive
microclusters

10.1.

The SLP-76 SH2 domain and ADAP stabilize adhesive microclusters
10.1.1 Chapter 1 Rationale
While mutational analyses of SLP-76 linked microcluster persistence and T cell

activation (81), contradicting reports for the SLP-76 SH2 domain indicated that it was
alternately required (81) or dispensable (32, 88) for TCR-induced microcluster formation.
Whether the SLP-76 SH2 domain contributes to TCR-induced microcluster formation has
not since been resolved. Over the past decade, numerous reports have indicated that both
the SLP-76 SH2 domain and its ligand, the adaptor molecule ADAP, positively
contribute to T cell activation (20, 25, 32, 34-37, 79, 85, 86, 97). Prior approaches
included the use of lentiviruses to express SLP-76 mutants in SLP-76-deficient T cells,
examined T cells from SLP-76-deficient mice that re-expressed mutants of SLP-76, and
also examined ADAP deficient mice. Lentiviral expression and genetic knockout models
sometimes are flawed and do not faithfully mimic the true phenotypes. By contrast,
transient expression or knockdown of proteins is usually more representative of
phenotypes in cells that have first developed normally, in the absence of any alterations.
In recent studies where endogenous SLP-76 deletion and simultaneous transgenic
expression of the SLP-76 SH2 domain mutant were regulated, the SLP-76 SH2 domain
was demonstrated as pertinent for peripheral T cell activation and positive selection of
thymocytes. Since these observations support our initial assertions for the SLP-76 SH2
domain in TCR-induced signaling (32, 79), I re-examined whether the SLP-76 SH2
domain and ADAP contribute to TCR-induced microclusters using dynamic live cell
imaging techniques.
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10.1.2 The SLP-76 SH2 domain regulates microcluster persistence
One major distinction between the divergent claims for the SLP-76 SH2 domain
in microclusters involved the use of a stable cell line (81) compared to transiently
transfected T cells (32, 88). Stable cell lines can undergo changes that are artifacts of
selection. To prevent the accumulation of clonal artifacts, I transiently transfected SLP76-deficient Jurkat T cells (J14 cells) with wild type (‘WT’) or SH2-mutated (R448K,
‘RK’) SLP-76 chimeras of human origin (Figure 10.1).
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Figure 10.1: Schematics of SLP-76 WT and SLP-76 RK.
The Src homology 2 (SH2) domain-containing leukocyte phosphoprotein of 76 kDa
(SLP-76) is a hematopoietic cell-specific adaptor that is crucial for thymocyte
development and signaling downstream of the T cell receptor (TCR). The SLP-76 amino
(N)-terminus contains a sterile α motif (SAM) and three tyrosines that are phosphorylated
in response to TCR stimulation. The SAM domain spans amino acids 12-78 and may be
important for dimerizing SLP-76. The phosphotyrosines are docking sites for recruiting
the guanine nucleotide exchange factor (GEF) Vav1, the cytoskeletal adaptor Nck, and
the Tec-family protein tyrosine kinase Itk. The central proline-rich region of SLP-76
(gray) contains a 67-amino acid proline-rich region that associates with PLCγ1 and a
specific sequence, from amino acids 224-244, which constitutively associates with the
adaptor GADS. The SLP-76 carboxy (C)-terminus contains an SH2 domain that interacts
with the serine/threonine kinase, HPK1, and the adaptor protein, ADAP. The SAM
domain (82), the interaction with Vav1 (83), the P1 region (81), and the interaction with
GADS (42, 117) all mediate important roles in SLP-76 microclusters. Here, I focused on
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the role of the SH2 domain in TCR-induced SLP-76 microcluster dynamics.
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Following stimulation on antibody-coated glass coverslips, WT SLP-76 was recruited
into stable SLP-76 microclusters, while SLP-76 RK appeared to be recruited into fewer
microclusters, and these exhibited decreases in persistence, central movement, and
central accumulation (Figure 10.2A-B; Table 3). To quantify the apparent decrease in
microcluster formation, I calculated the amount of SLP-76 clustered. The data are
presented in Figure 10.2F as a ratio of clustered-over-total SLP-76. The overall loss of
movement is most evident in the ‘maximum-over-time’ (MOT) images where mobile
microclusters appear as traces that resemble the spokes of a wheel, and immobile
microclusters appear as spots. The directionality of mobile microclusters is best observed
in the respective SLP-76 microcluster kymographs, where centralizing microclusters
form in the periphery of the image and move toward the center over time, which is
displayed on the y-axis. By contrast, immobile microclusters do not move on the x-axis,
generating lines that are parallel to the y-axis. The lack of microcluster central
accumulation is observed by the absence of a bright central region. The differences in
persistence are also apparent in these kymographs, where less persistent microclusters do
not generate traces for the entirety of the 300-second time frame. The overall effects of
the SLP-76 RK mutation are clearly illustrated in composite kymographs, which display
the fraction of microclusters persisting as line intensity (Figure 10.2B), and in the
statistical evaluation of mean microcluster parameters across multiple cells in multiple
experiments (Table 3).
Although the defects I observed with SLP-76 RK were profound, they were less
severe than those originally reported by Bunnell et al., and suggested that confounding
effects of the SLP-76 RK stable cell line may have contributed to the exaggerated
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phenotype. Species mismatch might have also contributed to the overstated results, with
murine SLP-76 chimeras stably expressed in human J14 cells.
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Figure 10.2: The SLP-76 SH2 domain is required for TCR-induced SLP-76
microcluster stability.
(A) SLP-76 deficient (J14) cells transiently expressing human SLP-76.YFP chimeras
were stimulated on OKT3-coated glass cover slips and imaged for 5 minutes after landing
and spreading. Representative still (left) and Maximum-Over-Time images (middle)
emphasize SLP-76 microcluster movement, where mobile structures generate radial
traces. Scale bars denote 10 µm. Kymographs (right) depict movement in a narrow region
spanning cell diameter (x-axis) over time (y-axis). Scale bars denote 5 µm x 60 s. (B)
Composite kymographs depict average SLP-76 microcluster movement. Line intensity
indicates fractional persistence; hatch marks indicate the time half of the microclusters
dissociated (n=6 experiments). (C-F) (C) Mean microcluster duration (lifetime), (D)
movement (displacement), (E) speed (maximum speed sustained over 30 s), and (F) %
clustered SLP-76 complement experiments in (A and B). Error bars display SEM; p-
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values indicate significant differences from wild-type SLP-76.YFP-expressing (Student's
t-test: *, p < 0.05; ** p < 0.01).
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Table 3. The SLP-76 SH2 domain contributes to microcluster stability.
J14 cells were transfected with vectors encoding SLP-76.WT or SLP-76.RK. The
behavior of SLP-76 microclusters was calculated from traces of individual microclusters
from cells across the indicated number of experiments. Microcluster properties are shown
± SEM, based on number of experiments (n); p values were calculated using Student's ttest.

SLP-76.WT

Persistence
(s)
218.9 ± 7.1

p vs.
WT
n.a.

Movement
(µm)
4.1 ± 0.3

p vs.
WT
n.a.

Max Speed
(nm/s)
116.9 ± 7.0

p vs.
WT
n.a.

% SLP-76
in clusters
57.1 ± 2.7

p vs.
WT
n.a.

n
(exp’t)
6

n
(cells)
45

SLP-76.RK

131.7 ± 24.4*

0.032

0.13 ± 0.05**

3.19e-5

53.0 ± 5.23**

9.24e-5

8.9 ± 2.0**

1.84 e-5

6

46

Student's t Test: versus J14 cells + SLP-76.WT: * p < 0.05; ** p < 0.01

83

I explored whether species mismatch contributed to the exaggerated phenotype by
comparing TCR-induced SLP-76 microcluster formation in human J14 cells that were
transiently transfected with vectors encoding either human or murine SLP-76 WT and
RK chimeras. While both human and murine WT SLP-76 chimeras formed persistent and
centralizing microclusters in the first five minutes following stimulation (Figure 10.3),
murine WT SLP-76 chimeras became less stable and less mobile at later time points.
Thus, the use of murine SLP-76 within a human cell line may have also contributed to the
selection of a clonal artifact. Nevertheless, these data confirm that the SLP-76 SH2
domain is essential for TCR-induced SLP-76 microclusters, the full extent of which is
only revealed by dynamic analyses of microcluster persistence and movement.
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Figure 10.3: Human and murine SLP-76 chimeras stabilize SLP-76 microclusters.
(A-B) J14 cells were transfected with vectors encoding the indicated (A) human and (B)
murine SLP-76.mYFP chimeras. Cells were stimulated and dynamically imaged as in
Figure 10.2. Representative still (left) and MOT (middle) images are shown; Scale bars
denote 10 µm. Kymographs of cells shown (right); Scale bars denote 5 µm x 60 s. (C)
Composite SLP-76 kymographs are shown for conditions in (A); (n=3 experiments).
Hatch marks indicate the point at which half of the traced microclusters dissociated.
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10.1.3 Microcluster persistence is expendable for calcium responses
The importance of microcluster centralization in T cell activation has been a
major point of discussion in the T cell signaling field for over a decade. The discovery
that the SLP-76 SH2 domain is essential for microcluster persistence and centralization
allowed me to more closely assess whether these aspects of microclusters are associated
with differential TCR-dependent signals. Prior reports indicated that the SLP-76 SH2
domain is dispensable for TCR-induced calcium responses (86, 87). However, to date, all
permutations that diminished TCR-induced SLP-76 microcluster persistence also
correlated with impaired TCR-induced calcium responses (42, 81-83). Therefore, the
results from the literature are at odds with the idea that the SLP-76 SH2 domain
contributes to microcluster persistence. Importantly, there are reports in which a single
fingerlike contact by a T cell on an APC and one microcluster independently supported
full calcium responses, suggesting that microcluster persistence might not correlate with
calcium (77, 78).
To determine whether SLP-76 microcluster persistence or movement are linked to
TCR-dependent calcium elevations, I examined J14 cells transiently expressing a vector
control (mYFP only), SLP-76 WT.mYFP, or SLP-76 RK.mYFP. In agreement with the
importance of SLP-76 in TCR-induced calcium responses, elevations in cytoplasmic
calcium levels did not occur in J14 cells (Figure 10.4). By contrast, both WT and SLP-76
RK supported significant TCR-mediated rises in intracellular calcium (Figure 10.4) (86).
These data confirm prior observations that the SLP-76 SH2 domain is dispensable for
TCR-induced calcium flux, and indicate that labile microclusters can support TCRdependent increases in cytoplasmic calcium (86, 87). This is not surprising, since a single
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microcluster has been correlated with fully competent TCR-dependent calcium responses
(77). Previous studies linking microcluster persistence to calcium flux were most likely
due to coincidental mutations of pathways that are required for calcium responses and
SLP-76 microcluster persistence, alike. Thus, I conclude that persistence and
centralization are not correlated with calcium responses.
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Figure 10.4: Persistent SLP-76 microclusters are dispensable for calcium.
J14 cells transiently expressing medium and high mYFP chimeras were assayed for TCRinduced Ca2+ entry (n=3 experiments). Error bars display SEM; p-values indicate
significant differences from WT SLP-76.YFP-expressing (Student's t-test: *, p < 0.05; **
p < 0.01). Transfected cells were stained with the calcium sensitive Indo-1 dye. Null,
medium, and high subpopulations of cells were selected to assess calcium responses
based on mYFP expression levels. Calcium responses were calculated by the ratio of the
bound to unbound Indo-1 signals (Calcium ratio (420/460)) and the percent change in the
area under the curve relative to the internal null population was calculated to compare
calcium responses among subpopulations and across the samples. A more in-depth
description is provided in the Materials and Methods (Section 9.7).
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10.1.4 Microcluster persistence correlates with CD69 expression
The SLP-76 SH2 domain reportedly influences the surface expression of the T
cell activation marker CD69, which is dependent on Ras/MAPK signaling (79, 86).
Surface expression of CD69 prevents T cell egress from the lymph nodes through direct
interactions with the sphingosine 1-phosphate receptor-1 (SIP1) (118). Since inactivation
of the SLP-76 SH2 domain impairs aspects of thymocyte selection, peripheral T cell
activation, and actin reorganization, I expected that CD69 expression would also be
reduced in our system (32, 79).
To assess whether SLP-76 microcluster persistence and centralization correlate
with optimal CD69 surface expression, I examined J14 cells transiently transfected with
the mYFP vector control, WT SLP-76.mYFP, or RK SLP-76.mYFP. In agreement with
the literature, the reconstistion of J14 cells with WT SLP-76 repaired the defect in CD69
expression. By contrast, J14 cells reconstituted with RK SLP-76 were defective in their
surface expression of CD69 in response to TCR stimulation. Thus, the SLP-76 SH2
domain is required for TCR-induced CD69 expression (Figure 10.5) (79, 81, 86). These
results indicate that CD69 expression correlates with fully persistent and centralizing
SLP-76 microclusters, and further suggest that stable SLP-76 microclusters are indicative
of optimal CD69 surface expression.
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Figure 10.5: The RK-mutated SLP-76 SH2 domain cannot induce CD69 surface
expression in response to TCR ligation.
J14 cells transiently expressing the indicated mYFP chimeras were assayed for TCRinduced CD69 surface expression. (n=3 experiments). Error bars display SEM; p-values
indicate significant differences from wild-type SLP-76.YFP-expressing (Student's t-test:
*, p < 0.05; ** p < 0.01). These data are from independent experiments generated by
Maria-Cristina Seminario, Michael Fray, and Juliana Lewis.
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10.1.5 Adhesion to TCR ligands requires the SLP-76 SH2 domain
The SLP-76 SH2 domain and its ligand ADAP are a functional unit required for
TCR-mediated activation of integrins and conjugate formation (21, 24, 25, 27, 33, 37, 88,
119). Whether adhesion to integrin ligands correlates with SLP-76 microcluster
persistence or movement has never been reported. Since a recent report indicated that the
TCR requires the SLP-76 SH2 domain and ADAP for actin rearrangements at the
immune synapse in the absence of integrin ligands (32), ADAP and SLP-76 might also
cooperate to contribute to integrin-independent adhesion to peptide-MHC via the TCR.
Podosomes are conserved adhesive structures of osteoclasts and macrophages that
are similar in size to SLP-76 microclusters, are sites of actin polymerization, and contain
an outer ring of focal proteins and an inner core of actin regulators (120). Podosomes also
aid in the formation of a peripheral sealing zone in osteoclasts, which is strikingly similar
to the peripheral actin reorganization at the immune synapse (121). The striking
similarities between podosomes and microclusters suggest that actin associations might
contribute to adhesion via microclusters, which might seal the periphery of the immune
synapse to contribute to directed granule secretion. Therefore, I assessed whether stable
microclusters correlate with adhesion to integrin ligands and to integrin-independent
ligands, where the TCR itself might assemble microclusters as sites of adhesion.
To assess whether the SLP-76 SH2 domain contributes to adhesion via integrins or the
TCR, J14 cells reconstituted with WT SLP-76 or RK SLP-76 were TCR-stimulated and
compared for their adhesion to the integrin ligand fibronectin or TCR antibodies. In
classical adhesion assays, TCR-stimulated J14 cells did not adhere to the glass substrates
coated with fibronectin, while WT SLP-76-reconstituted J14 cells restored adhesion. By
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contrast, SLP-76 did not fully repair defective J14 cell adhesion when its SH2 domain
was inactivated, as expected (Figure 10.6A) (21, 37). These data confirm that the SLP-76
SH2 domain is required for optimal TCR-mediated adhesion to integrin ligands.
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Figure 10.6: The SLP-76 SH2 domain is required for TCR-induced adhesion to
integrin and TCR ligands.
(A-B) Adhesion assays were performed in J14 cells stably expressing matched levels of
the indicated chimeras. Fractional cell retention to (A) fibronectin or (B) OKT3 is shown
(n=3 experiments). Error bars display SEM; p-values indicate significant differences
from wild-type SLP-76.YFP-expressing (Student's t-test: *, p < 0.05; ** p < 0.01).
Michael Ophir performed these experiments, while the figures and the p values were
constructed by JBL.
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Similarly, TCR-stimulated J14 cells did not adhere to glass substrates coated with ligands
for the TCR, while reconstitution with WT SLP-76 repaired defective J14 cell adhesion,
indicating the importance of SLP-76 for adhesion to TCR ligands. However, when I
reconstituted J14 cells with SH2 domain-mutated SLP-76, J14 cell adhesion to TCR
ligands remained impaired, which indicated that the SLP-76 SH2 domain is critical for T
cell adhesion to stimulatory TCR ligands (Figure 10.6B). Taken together, these results
demonstrate correlations between stable SLP-76 microclusters and adhesion, both to
integrin ligands and to TCR ligands.
Since the failure of SLP-76 RK-expressing J14 cells to adhere to the stimulatory
TCR substrate might reveal dynamic, visually observable defects in contact stability,
integrin-independent T cell adhesion was assessed over time. J14 cells frequently either
failed to adhere to antibody-coated substrates or generated abnormal contacts. J14 cells
reconstituted with WT SLP-76 frequently landed and made stable, symmetric contacts
surrounded by small lamellipodia. By comparison, J14 cells expressing SLP-76 RK
responded to the substrate, but generated highly unstable, transient contacts that
coincided with large, fluctuating lamellipodia that bounded asymmetric cell contacts. It
was also very striking that a substantial portion of the SLP-76 RK-expressing J14 cells
detached from the stimulatory surface before the 5-minute imaging course was complete.
These variations in contacts were scored as: ‘stable,’ when cells displayed secure, largely
symmetric boundaries; ‘fluctuating,’ when the cell boundary was constantly remodeling
with large, wavering lamellipodia; and ‘failed,’ when cells never spread on the substrate
(Figure 10.7). These differences in boundary remodeling were tallied, and they paralleled
the results in the adhesion assays above and were confirmed as statistically significant.
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Whereas J14 cells mostly failed to form contacts, WT SLP-76 expression stabilized the
contacts, and RK SLP-76 expression contributed fluctuating, relatively unstable contacts
(Figure 10.8).
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Figure 10.7: Lamellipodial fluctuations correlate with diminished SLP-76
microcluster persistence and their centralization.
Kymographs were derived from movies acquired as in Figure 10.2. Images were
normalized to accentuate dim peripheral lamellipodia, and the outermost boundaries of
the contacts were delineated using gray lines. Peak lamellipodial extensions are denoted
by red dots. Images were renormalized to desaturate all unclustered regions. Three
examples of stable and fluctuating boundaries are shown for J14 cells expressing mYFPtagged SLP-76.WT or RK chimeras. The data in this figure were generated by JBL, while
SCB drew the white lines on the perimeter of the kymographs.
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Figure 10.8: The SLP-76 SH2 domain is required for stable integrin-independent T
cell contacts.
The contact morphology of J14 cells landing on glass substrates coated with antibodies
against the TCR (OKT3). J14 cells were transiently transfected with vectors encoding
SLP-76.WT.mYFP (‘WT’), SLP-76.RK.mYFP (‘RK’), or mYFP vector control (‘J14’)
and contact morphologies were tallied across experiments; (n=3 experiments) Error bars
display SEM; p-values indicate significant differences from wild-type SLP-76.YFPexpressing (Student's t-test: *, p < 0.05; ** p < 0.01). The data in this figure were
generated and scored by JBL, while SCB created the graph.
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Notably, SLP-76 microclusters were observed at the most adhesive contact sites that
coincided with greater boundary stability and prevented boundary retraction. The
dissipation or inward movement of SLP-76 microclusters often preceded boundary
retraction. Regions that lacked persistent SLP-76 microclusters were most commonly
observed in cells expressing SLP-76 RK, and showed enhanced lamellipodial remodeling
and boundary retraction (Figure 10.9). Also, RK-expressing Jurkat T cells displaying the
most drastic lamellipodial remodeling retracted from the antibody-coated substrate.
Taken together, these data strongly suggest that the TCR uses SLP-76 microclusters as
integrin-independent adhesive contacts.
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Figure 10.9: Changes in peripheral microclusters correlate with lamellipodial
remodeling.
Pictured: examples of correlations between boundary fluctuation and SLP-76
microcluster behavior. Kymographs were derived from movies acquired as in Figure
10.2. Images were normalized to accentuate dim peripheral lamellipodia, and the
outermost boundaries of the contacts were delineated using gray lines. Only J14 cells
expressing WT SLP-76 are shown. Two examples are shown for each group. Yellow
arrows indicate the correlated behaviors of interest. The data for this figure were
generated by JBL, while SCB and JBL constructed this figure in a collaborative effort.

99

10.1.6 The SLP-76 SH2 domain promotes microcluster cohesion
The apparent stability of TCR-induced microclusters was drastically different in
J14 cells reconstituted with WT versus RK SLP-76. The WT SLP-76 microclusters grew
and briefly paused before moving en bloc toward the contact center. By contrast, RK
SLP-76 microclusters continuously generated unusually small and dim particles. Particles
of the SLP-76 mutant appeared to either rapidly dissolve or move out of the focal plane.
The movement of these unstable SLP-76 RK microclusters was erratic and unpredictable,
and did not display the normal bias toward centralization. None of these properties was
amenable to detection in the ‘maximum over time’ images. Therefore, I used the
‘standard deviation of intensity over time,’ which more accurately emphasized the erratic
appearance of particles as diffuse clouds (Figure 10.10). Thus, the SLP-76 SH2 domain
promotes microcluster cohesion and the sustained centripetal movements away from the
sites of microcluster formation.
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Figure 10.10: The SLP-76 SH2 domain is required for microcluster cohesion.
Regions of cells are shown as still images (left) or 'standard deviation over time' images
(right). Cohesive SLP-76 microclusters centralize, while fragmented microclusters do
not. Mobile SLP-76 microclusters appear as lines, while fragmented microclusters appear
as diffuse clouds. The ‘standard deviation of intensity over time’ shows the variations in
appearance of particles over time, such that bright and dim particles are easily seen, and
emphasizes the microclusters, relative to the background. The arrow depicts the direction
of the cell center. Scale bars denote 1µm.
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10.1.7 ADAP enters microclusters and peripheral lamellipodia
The adaptor protein ADAP interacts with multiple cytoskeletal proteins, including
Nck, Abp1/HIP55/DBNL, and Ena/VASP, and might stabilize microclusters through any
or all of these associations (32, 91, 92, 98, 103, 109).
Since both Ena/VASP and HIP55 are important for regulating actin cytoskeletal
dynamics via WASP in podosomes (120, 122), they might also interact with ADAP to
contribute to the shape of the immune synapse and its adhesive nature in an Nckindependent manner. In contrast to SLP-76, which is exclusively present in microclusters
or the cytoplasm, ADAP may stabilize the immune synapse at the actin-based
lamellipodia. As polarization of the microtubule-organizing center (MTOC) is required
for sustained conjugate formation and specifically polarizes toward the sites of strongest
TCR singling, it has also been linked to ADAP (44, 123). Therefore, I assessed whether
ADAP is positioned to provide cytoskeletal attachments to SLP-76 microclusters and to
the T cell immune synapse.
When transiently expressed in J14 cells stably reconstituted with WT SLP76.YFP (J14.SY cells), both the ADAP-120 and the ADAP-130 isoforms entered the
peripheral lamellipodia and mobile SLP-76 microclusters (Figure 10.11). The
overexpressed ADAP isoforms were not toxic to the cells, as neither impaired SLP-76
microcluster persistence nor movement in response to TCR stimulation (Table 4).
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Figure 10.11: ADAP p120 and p130 isoforms enter SLP-76 microclusters and
lamellipodia.
(A) J14.SY cells transiently expressing the indicated 3xFlag.TRT chimeras were
stimulated, imaged, and presented as in Figure 10.02 (ADAP-120, n=12; ADAP-130,
n=3; control, n=3 experiments). Scale bars on ‘Merge’ denote 10µm. Kymographs of
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cells shown (right); Scale bars denote 5 µm x 60 s. (B) Composite kymographs depict
SLP-76 microcluster movement and persistence for the samples in (A). Hatch marks
indicate the point at which half of the traced microclusters dissociated. (C) Schematic of
ADAP splice isoforms.
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Table 4. ADAP is required for optimal SLP-76 microcluster movement and
persistence.
J14.SY cells were transfected with the indicated TRT expression vectors. SLP-76
microcluster behavior and SEM were calculated as in Table 3 (abbreviations defined:
‘TRT’, TRT control vector; ‘120-WT’, ADAP-120 WT; ‘130-WT’, ADAP-130 WT;
‘KD’, endogenous ADAP knock down; ‘KD/AB’, endogenous ADAP knock down/
ADAP add back with ADAP-120 WT; ‘Y595F’, ADAP-120.Y595F; 2YF’, ADAP120.Y595F/Y651F; ‘Ct-WT’, C-terminal fragment of WT ADAP-120; ‘Ct-595F’, Cterminal fragment.Y595F; ‘Ct-2YF’, C-terminal fragment.Y595F/Y651F; ‘Ct-3YF’, Cterminal fragment.Y595F/Y625F/Y651F).
Persistence (s)

p value vs.
WT

TRT

Movement
(µm)

p value vs.
WT

TRT

Max Speed
(nm/s)

p value vs.
WT

TRT

% SLP-76
in clusters

TRT

184.6 ± 13.1

0.44

n.a.

3.62 ± 0.31

0.39

n.a.

127.9 ± 10.8

0.95

n.a.

55.9 ± 3.5

120-WT

197.5 ± 8.2

n.a.

0.44

4.01 ± 0.23

n.a.

0.39

128.8 ± 8.3

n.a.

0.95

68.9 ± 1.8

130-WT

173.4 ± 12.5

0.19

0.57

3.54 ± 0.51

0.38

0.89

122.3 ± 14.3

0.73

0.76

63.4 ± 9.1

2e-5

3e-3

0.94 ± 0.02

2e-5

1e-4

61.5 ± 2.5

2e-3

4e-3

34.7 ± 4.2

0.98

0.46

4.40 ± 0.26

0.43

0.13

136.4 ± 8.7

0.67

0.59

71.6 ± 3.0

**†

0.002

0.05

0.73 ± 0.12

**††

1e-6

1e-4

51.1 ± 4.8

**††

1e-4

6e-4

28.3 ± 7.5

**††

8e-5

5e-3

0.61 ± 0.09

**††

9e-7

9e-5

52.9 ± 5.5

**††

2e-4

8e-4

19.6 ± 3.1

**††

1e-4

7e-3

0.99± 0.04

5e-7

3e-5

65.3 ± 2.6

**††

2e-4

4e-4

42.3 ± 4.7

*

0.04

0.19

3.15 ± 0.28

0.10

0.34

108.5 ± 10.5

0.27

0.27

45.9 ± 5.8

KD

83.4 ± 12.5

**††

**††

**††

KD/AB

198.0 ± 7.0

Y595F

135.0 ± 14.8

2YF

113.7 ± 9.3

Ct-WT

125.2 ± 9.5

Ct-595F

157.9 ± 9.6

Ct-2YF

169.6 ± 6.4

0.13

0.40

3.58 ± 0.28

0.40

0.94

135.7 ± 7.8

0.70

0.61

54.4 ± 1.9

Ct-3YF

193.8 ± 3.4

0.83

0.59

4.18 ± 0.33

0.74

0.28

127.8 ± 15.2

0.96

1.0

61.9 ± 2.7

**††

p value vs.
WT

TRT

n
(exp’t)

n
(cells)

**

4e-3

n.a.

4

21

††

n.a.

4e-4

12

57

0.33

0.43

3

15

2e-6

0.011

3

36

0.51

0.02

†

3

30

**†

2e-6

0.016

4

29

**††

2e-9

2e-4

4

25

**

1e-5

0.06

5

47

**

2e-4

0.18

3

12

**

0.002

0.75

3

25

0.10

0.25

3

15

**†

Student's t Test: versus WT: * p < 0.05; ** p < 0.01; Student's t Test: versus TRT: † p <
0.05; †† p < 0.01.
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To confirm the relationship between peripheral ADAP and actin, ADAP-120 was
overexpressed in Jurkat T cells stably expressing EGFP-tagged β-actin (EGFP.actin
cells), where the levels of actin do not differ between cells. In response to TCRstimulation, ADAP-120 entered microclusters and colocalized with actin, as previously
observed in non-lymphoid cells (Figure 10.12) (98). Subsequently, I co-expressed
ADAP-120 and β-actin in J14.SY cells and confirmed that ADAP was colocalized with
actin in the peripheral lamellipodia. In a fraction of the cells actin localized to SLP-76
microclusters (Figure 10.13). These data confirm that ADAP is a component of SLP-76
microclusters and imply cytoskeletal associations between microclusters and actin.
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Figure 10.12: ADAP colocalizes with actin.
E6.1 Jurkat T cells stably expressing EGFP.β-actin were transiently transfected with a
vector encoding 3xFlag.TRT.ADAP-120. Cells were stimulated and imaged as described
in Figure 10.02; (n=3 experiments). Panels are still images of ADAP and actin. Yellow
color in merge indicates colocalization. Scale bars denote 10µm.
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Figure 10.13: Actin can enter TCR-induced SLP-76 microclusters.
J14.SY cells were transiently co-transfected with vectors encoding CFP.β-actin and
3xFlag.TRT.ADAP-120. Cells were stimulated and imaged as described in Figure 10.02;
(n=3 experiments). Panels show still images depicting the localization of ADAP (red),
SLP-76 (green) and actin (blue). Areas of green and red colocalization appear as yellow,
while the matched localization of all three proteins is white. Percentages indicate actin
was observed as strictly lamellipodial (70%) or lamellipodial and clustered (30%); (n=2
experiments). Scale bars denote 10µm.
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The fact that stable microclusters correlated with optimal adhesion to integrin and
TCR ligands suggests that SLP-76 microclusters are TCR-induced adhesive junctions.
Since

microcluster

centralization

and

diminished

persistence

correlated

with

lamellipodial remodeling, I reasoned that the microclusters, rather than the lamellipodia,
are required for T cells to adhere to TCR ligands. To this end, I imaged fixed J14.SY
cells that stably express TRT.ADAP-120. Cells were either left intact or exposed to shear
force. The microcluster pattern, but not the lamellipodial pattern, survived the removal of
the cell body by shearing (Figure 10.14). These data demonstrate that the SLP-76
microclusters were selectively and firmly attached to the stimulatory substrate. Thus, the
TCR might recruit ADAP to SLP-76 microclusters to contribute to adhesive contacts.
Although the lamellipodia do not physically adhere to the stimulatory substrate,
associations between ADAP and actin-related proteins in the lamellipodia could also
contribute to the adhesive nature of the microclusters.
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Figure 10.14: T cells sheared from adhesive substrates leave behind ADAP-rich
microclusters.
J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were stimulated as in Figure 10.2
and fixed. Before imaging, cell bodies were either left intact (upper) or removed, leaving
only the cell footprint (lower).
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10.1.8 ADAP stabilizes microclusters and promotes TCR-based adhesion
To assess whether impaired interactions with ADAP accounted for the
microcluster defects observed with SLP-76 RK, I expressed a TRT-tagged short-hairpin
targeting the 3’-untranslated region (3’-UTR) of ADAP in J14.SY cells. I detected high
efficiency of ADAP knock down in the transfected cell population (Figure 10.15). In
imaging assays, I detected individual cells where ADAP was knocked down based on
their expression of the red protein (TRT). In the absence of ADAP, TCR-induced SLP-76
microclusters were dim, exhibited diminished persistence, and did not centralize, as
observed with the SH2 domain mutant of SLP-76 (Figure 10.16). ADAP-120 chimeras do
not contain the 3’ UTR and their expression in cells in which endogenous ADAP was
knocked down rescued normal SLP-76 microcluster brightness, persistence, and
centralization (Figure 10.16). Thus, the altered SLP-76 microcluster dynamics in ADAP
knockdown cells were specifically due to the loss of ADAP. As with RK SLP-76
microclusters, the contacts made in the absence of ADAP were visually less stable and
unproductive. ADAP re-expression repaired both contact stability and adhesion to TCR
ligands (Figure 10.17). Like the SLP-76 SH2 domain, ADAP-deficient J14.SY cells
exhibited defective cohesion that was repaired by the expression of ADAP chimeras
(Figure 10.18). Finally, ADAP-deficient Jurkat T cells (JDAP cells) fluxed TCR-induced
calcium just as well as JDAP cells reconstituted with ADAP (Figure 10.19), which
further demonstrated that labile microclusters support calcium responses. Taken together,
these results confirm that ADAP is the SLP-76 SH2 domain ligand that promotes the
cohesion, persistence, and centralization of SLP-76 microclusters, and also promotes
integrin-independent adhesion to TCR ligands.
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Figure 10.15: Protein levels in J14.SY cells expressing ADAP shRNA.
Validation of ADAP knockdown in unsorted J14.SY cells used for imaging assays.
J14.SY cells were transiently transfected with vectors encoding 3xFlag.TRT.ADAP
(overexpression, ‘OE’), shRNA-ADAP/3xFlag.TRT (knock down, ‘KD’), and shRNAADAP/3xFlag.TRT.ADAP (knock down/add back, ‘KD/AB’). Three days later a portion
of the cells were lysed and blotted as indicated. Open and closed arrows indicate
exogenous and endogenous ADAP, respectively. The band immediately under exogenous
ADAP in the ‘OE’ lane is either a degradation or cleavage product, also observed in prior
studies using ADAP chimeras. The protein sizes based on a ladder that was run alongside
the whole cell lysates are depicted to the left of each blot; sizes are in kilodaltons (kDa).
Results are representative of three independent experiments.
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Figure 10.16: ADAP is required for optimal SLP-76 microcluster movement and
persistence.
(A) J14.SY cells were transfected with vectors encoding 3xFlag.TRT.ADAP
(overexpression, ‘OE’; top), shRNA-ADAP/3xFlag.TRT (knock down, ‘KD’; middle),
and shRNA-ADAP/3xFlag.TRT.ADAP (knock down/add back, ‘KD/AB’; bottom). Cells
were stimulated, imaged, and presented as in Figure 10.2 (n=3 experiments). Scale bars
on ‘Merge’ denote 10 µm. Kymographs of cells shown (right); Scale bars denote 5 µm x
60 s. (B) Composite kymographs depict SLP-76 microcluster properties for conditions in
(A). Hatch marks indicate the point at which half of the traced microclusters dissociated.
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Figure 10.17: ADAP regulates TCR-induced integrin-independent adhesion.
J14.SY cells were untransfected (null) or transiently transfected with ADAP KD or
ADAP KD/AB vectors as in (Figure 10.16). Cells were stimulated as in Figure 10.2,
fixed, and manually scored for adhesion to TCR ligands (n=3 experiments). Error bars
show SEM; p-values indicate significant differences from ADAP KD J14.SY cells (*p <
0.05; **p < 0.01).
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Figure 10.18: ADAP regulates SLP-76 microcluster cohesion.
Representative regions of J14.SY cells with endogenous ADAP KD (upper) and ADAP
KD/AB (lower) illustrate SLP-76 microcluster cohesion. Images were prepared as in
Figure 10.10. Scale bars denote 1µm.
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Figure 10.19: ADAP is dispensable for TCR-induced calcium responses.
JDAP cells transiently expressing the indicated TRT chimeras were assayed for TCRinduced Ca2+ entry by flow cytometry. In all cases, JDAP cells were transiently
transfected with vectors encoding 3xFlag.TRT (‘vector control’) or 3xFlag.TRT.ADAP120 (‘WT ADAP-120’). Transfected cells were stained with the calcium sensitive Indo-1
dye. Basal calcium was read for 2 minutes, OKT3 was added and calcium was measured
over 15 minutes. After this point, ionomycin was added to obtain peak calcium responses
for 3 minutes. Null, medium, and high subpopulations of cells were selected to assess
calcium responses based on TRT expression levels. Calcium responses are shown as the
ratio of the bound to unbound Indo-1 signal (Calcium ratio (420/460)).
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10.1.9 Chapter 1 Summary
The formation of microclusters downstream of antigen detection is a very early
event that corresponds to rapid and localized kinase activity, calcium signaling and actin
cytoskeletal rearrangements (32, 77, 81, 88, 124). While the TCR and integrins each form
their own signaling microclusters, the adaptor protein SLP-76 also forms a third signaling
complex (84, 88). TCR-induced SLP-76 microclusters centralize or, in the context of
costimulation by integrins, remain at their sites of formation (84). While integrin-induced
SLP-76

microclusters

remain

peripheral

and

exhibit

substantially

diminished

centralization (88), they also display stimulus-dependent persistence that correlates with
T cell activation and depends on multiple regions of SLP-76 (81, 82, 88). The central
proline-rich region and the tyrosines of the N-terminus of SLP-76 are required for TCRinduced microcluster formation and persistence, respectively, while the relevance of the
SLP-76 SH2 domain for microclusters has remained elusive (81, 88). By contrast,
integrin-induced SLP-76 microclusters do not require the central proline-rich region of
SLP-76 for them to cluster, and instead require the SH2 domain (88).
The studies in Chapter 1 refine our understanding of the SLP-76 SH2 domain as
dispensable for TCR-induced microcluster formation, but essential for their full
persistence and central accumulation. The prior conclusion that the SH2 domain
contributes to microcluster formation was likely due to spurious results obtained with this
particular stable cell line (81). Although cell lines are useful tools, it may be necessary to
compare results from transient transfections to those obtained from a comparably
generated stable cell line to ensure the reliability of the results. Although the SLP-76 SH2
domain does not contribute to microcluster formation (32, 88), it does make striking
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contributions to microcluster cohesion, persistence, and directed centralization, and
appears to make contributions to stable T cell contacts and cohesive SLP-76
microclusters. Since a mutated SLP-76 SH2 domain generates immobilized microclusters
with decreased persistence, the studies here are the first that analyze whether these
specific attributes of microclusters are required for TCR-induced responses. Accordingly,
my work suggests that neither microcluster persistence nor movement is required for
TCR-induced calcium responses. However, microcluster cohesion, persistence, and
movement correlate with surface expression of the CD69 activation marker, TCRinduced adhesion to integrin ligands, and adhesion to TCR ligands. Thus, the SLP-76
SH2 domain contributes to microcluster stability, while stable microclusters correlate
with differential aspects of T cell activation.
A well-characterized adaptor molecule that interacts with the SLP-76 SH2
domain, ADAP, has been linked to TCR-induced CD69 responses and expendable for
both calcium and SLP-76 microcluster formation (32, 33, 86, 88, 125). The studies
involving ADAP knock-down and re-expression confirm that all defects observed in
microclusters, T cell adhesion, and CD69 activation with the SH2 domain-inactivated
SLP-76 are attributable to the loss of interactions with ADAP. All together, these studies
indicate new roles for the SLP-76 SH2 domain and ADAP in TCR-induced SLP-76
microclusters and integrin-independent adhesion.
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10.1.10 Chapter 1 Discussion
Microcluster persistence and movement are dispensable for calcium responses
The studies here indicate that microcluster persistence and movement are
dispensable for TCR-induced calcium flux. Prior correlations made between persistence
and calcium were most likely due to directly targeting integral mediators of TCR-induced
calcium responses downstream of the TCR. The observed divergence between TCRinduced calcium responses and microcluster persistence was unsurprising, since prior
reports indicated that calcium elevations occur within the first 6 to 12 seconds of contact
formation, when generally only one microcluster exists (77, 80). This short time frame
also parallels short T cell-APC engagements, at which time spikes in intracellular
calcium are observed in parallel with transient contacts (kinapses), and before full
synapse formation (2, 78). Stable synapse formation occurs over the course of minutes,
and the tracking of microcluster persistence and movement begins after completion of the
spreading processes. Therefore, it makes sense that stable microclusters are not required
for calcium responses.

CD69 expression correlates with microcluster persistence and movement
The dependence on the SLP-76 SH2 domain for CD69 surface expression
suggests that interactions between SLP-76 and ADAP activate transcription factors. Each
of the three types of mitogen-activated protein (MAP) kinases phosphorylates a distinct
set of transcription factors. CD69 surface expression requires the activating protein-1
(AP-1) transcription factor. AP-1 is composed of jun and fos gene products that form
either homodimeric (jun/jun) or heterodimeric (fos/jun) DNA-binding complexes (126).
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Since

Jun-amino-terminal

kinase

(JNK)

phosphorylates

jun,

selective

inhibition/inactivation of the JNK pathway would be more apt to impair CD69 activation,
while leaving calcium unaffected. Accordingly, ADAP is associated with T cell
proliferation and survival, which are correlated with JNK activation. Previous studies in
our laboratory revealed that TCR-induced NF-AT activation is unaffected by the loss of
ADAP (127). Together these results suggest that the SLP-76 SH2 domain and ADAP
selectively activate JNK and are not necessary for activating NF-AT.

Vav1 and ADAP stabilize SLP-76 microclusters through different mechanisms
Here I propose that SLP-76 microcluster stability better correlates with CD69
expression than does TCR-induced calcium flux, which is at odds with a recent report
from our lab indicating that stable microclusters might not relate to either response (83).
Specifically, various mutations of Vav1 affected microclusters, calcium, and CD69 to
varying degrees without any traceable correlations. However, it is interesting to note that
selective deletion of the Vav1 calponin homology (CH) domain impaired calcium but not
the peripheral movement of microclusters (83). By contrast, not one ADAP mutant
impaired calcium responses (data not shown), although most mutations within ADAP
disrupted microcluster stability. While SLP-76 microclusters that form in Vav1-deficient
Jurkat T cells immediately dissipate, those that form in ADAP-deficient Jurkat T cells
completely fail to cohere. The cohesion defect is novel and unique to the absence of
ADAP. However, that these two different proteins stabilize microclusters in distinct
manners is interesting, and emphasizes that microcluster components make unique
contributions to microcluster phenotypes that might indicate various functions (81).
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As evident from observing SLP-76 microcluster behavior in Vav1- and ADAPdeficient Jurkat T cells, SLP-76 microcluster components make unique contributions to
stability, including some, such as PLCγ1, that use microclusters to access their substrates
(32, 42, 81-83). Moreover, particular Vav1 mutants display opposing effects on calcium
and CD69 responses than those that are described here. Consistent with the CH domain
of Vav1 associating with the calcium sensing protein calmodulin, the deletion of this
domain impairs calcium but not CD69 (83).
Although the deletion of the calponin homology domain in Vav1 (Vav1∆CH)
renders Vav1 inert for calcium, this mutation induces a constitutively open confirmation
that supports Vav1 GEF activity (83). Constitutively open Vav1 effectively binds and
activates the Rho GTPase Rac1, which enhances TCR-dependent increases in CD69
surface expression by activating JNK. Thus, the deletion of the CH domain does not
impair the contributions to CD69 expression by Vav1 downstream of the TCR. This
mutant cannot contribute to calcium since it cannot bind the calcium sensing protein
calmodulin, but it can contribute to CD69 expression through at least two mechanisms.
First, since the Vav1∆CH mutant supported microcluster centralization in the periphery,
microclusters were likely stable enough to promote associations between ADAP and
SLP-76. Second, since Vav1 and Nck associate in a CH domain-independent manner,
their association would recruit the serine/threonine kinase Pak1, which activates JNK by
recruiting the mixed lineage kinase (MLK) (128). Given that cells expressing the
Vav1∆CH mutant formed SLP-76 microclusters with a mild centralizing defect, this work
suggests that either peripheral movement alone or cohesive microclusters is sufficient to
induce CD69 surface expression.
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Differential qualities of ‘persistent’ SLP-76 microclusters
In my studies, diminished interactions between SLP-76 and ADAP impair
microcluster stability. However this diminished stability is completely different from that
which occurs in the absence of interactions with Vav1. Here, microclusters are
continuously formed and shed, whereas microclusters without Vav1 form and
immediately fall apart without any further cluster formation (81, 83). I propose that in the
absence of ADAP, Vav1 contributes to an important interaction that builds, rather than
stabilizes microclusters, whereas ADAP stabilizes them. Thus, other proteins, including
Vav1, might also fail to remain in the clusters in the absence of the stabilizing
interactions with ADAP. Since I have established that calcium responses do not depend
on stable microclusters, Vav1 may still be functioning outside of the cluster. Alternately,
other calcium competent proteins, such as PLCγ1, might recruit to the cluster, where it
induces transient increases in cytoplasmic calcium, the summation of which result in
normal calcium. PLCγ1 phosphorylation is indicative of its activation. Although others
described diminished PLCγ1 phosphorylation in the absence of ADAP and in cells
expressing SH2 domain-inactivation SLP-76, PLCγ1 phosphorylation is still present (87).
Thus, the amount of PLCγ1 that enters the complex might be sufficient to compensate for
the lack of other proteins, such as Vav1, in the cluster. Nevertheless, the microcluster
stability imparted by ADAP is clearly important for calcium-independent signals, and
correlates with T cell adhesion. Future studies investigating the underlying cause for the
differences in microcluster persistence when Vav1 is absent versus when ADAP is absent
should reveal novel, specific interactions that contribute to microcluster formation and
stability.
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ADAP protects SLP-76 microclusters from termination
ADAP also contributes to the cohesion of SLP-76 microclusters, and the absence
of ADAP causes fragmented SLP-76 microclusters. While the precise mechanisms of
microcluster termination are not well understood, possible mechanisms include
internalization, dissociation, and degradation of cluster components (129). The pattern
observed here suggests that SLP-76 microclusters are rapidly terminated in the absence of
ADAP, possibly by any or all of these postulated mechanisms of microcluster cessation.
Since HPK1 competes with ADAP for access to SLP-76, HPK1 recruitment may
contribute to this unusual pattern of microcluster dissociation in the absence of ADAP
(31). HPK1 recruitment results in the serine and threonine phosphorylation of SLP-76
and GADS, respectively. The resulting SLP-76-GADS-14-3-3 complexes appear to be
released from SLP-76 microclusters, which are most likely subsequently inactivated by
an unknown mechanism, and thereby downmodulate T cell activation (41, 42, 54).
Fittingly, HPK1-SLP-76 interactions have been shown to directly downmodulate AP-1
activity, which could explain the diminished CD69 surface expression in ADAP-deficient
T cells (130). Although HPK1-SLP-76 interactions depend on a functional SLP-76 SH2
domain, HPK1 can directly bind the GADS scaffold, and may terminate SLP-76
microclusters by interactions with GADS (131).
Alternately, SLP-76 microcluster termination may be a result of the ubiquitin
ligase activity of c-Cbl. Studies from the Samelson laboratory have clearly identified that
c-Cbl antagonizes SLP-76-dependent signals by directly ubiquinating multiple
microcluster components (56, 57, 132-136). The ubiquitinated proteins are subsequently
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targeted to an endosomal pathway that results in their dissipation, or down-modulation.
Thus, c-Cbl may also play a role in the early termination of SLP-76 microclusters in the
absence of SLP-76-ADAP interactions.

Cohesive and stable SLP-76 microclusters correlate with T cell adhesion
The studies here indicate that the TCR itself requires ADAP to stabilize the
boundary of the T cell contact and augment integrin-independent adhesion. In these
studies, the most stable regions of the contacts appear associated with ADAP-rich SLP76 microclusters, rather than lamellipodia. In live Jurkat T cells, SLP-76 microclusters
appear as staples at the immune synapse that hold the cell down on the adhesive
substrate. This “stapling down” may be required to help direct the cell’s migration
machinery toward the stimulatory substrate. Multivalent SLP-76 microclusters probably
support adhesion, as suggested by the disparity between labile microclusters and
adhesion. Since a break in the interaction between SLP-76 and ADAP does not reduce
surface TCR levels or total expression levels of other proximal or distal signaling
molecules (23, 27, 33, 87, 106) (data not shown), their interaction is clearly one that
directly augments adhesion, rather than prevents the degradation of these other
molecules.
As SLP-76 and ADAP recruit proteins that are important for the structure and
adhesive nature of podosomes, these studies suggest that SLP-76 microclusters are
actually adhesive podosome-like structures at the immune synapse. Also, the podosome
belt is a sealing zone that contains active cytoskeletal rearrangements, much like the
lamellipodia at the immune cell synapse. These striking similarities between the immune
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synapse and podosomes suggest that T cells require the lamellipodia as a sealing zone
and microclusters for adhesion to contribute to immune function. Importantly, cells
displaying

diminished

microcluster

persistence

contain

dynamic

lamellipodial

remodeling, an unstable boundary, and generally do not remain adhesive over an entire
image acquisition (~300 seconds). Also, WT SLP-76 microclusters are the only structures
that consistently survive shear forces, suggesting that they are the adhesive contacts that
maintain the stable cell boundary and contribute to cell adhesion over the course of image
acquisition. These results further support prior assertions that the TCR is an adhesion
receptor, with TCR-rich clusters recruited to the areas of tightest contact between a T cell
and a stimulatory substrate (77). The observations here are also consistent with models of
immune synapse formation where the TCR and microclusters are selectively engaged in
in regions of tight contact with the substrate, which are also compatible with TCR-ligand
engagement (137-139). Thus, several observations indicate that persistent microclusters
are likely adhesive junctions used by the TCR and suggest that these structures might
contribute to TCR ligation by decreasing the threshold for sustained T cell activation.
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CHAPTER 2

ADAP phosphorylation and microcluster entry
require the SLP-76 SH2 domain

10.2.

ADAP phosphorylation and microcluster entry require the SLP-76 SH2

domain
10.2.1. Chapter 2 Rationale
The best-characterized tyrosines in ADAP are 625 and 595/651, which interact
with Fyn and SLP-76, respectively. Although Y595 and Y651 augment TCR-mediated
integrin activation, costimulation, and SMAC formation (21, 37), their impact on TCRinduced SLP-76 microclusters has not been fully examined and the requirements for their
phosphorylation remain unexplored (20, 34). Moreover, ADAP has many other tyrosines
that may be important for phosphorylation at these sites and contribute to its overall
phosphorylation (104, 107-109). Therefore, I investigated whether these wellcharacterized tyrosines stabilize SLP-76 microclusters and how they contribute to ADAP
phosphorylation (Figure 10.20).
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Figure 10.20: Schematic of full-length ADAP tyrosine mutants.
The indicated full-length ADAP chimeras were transiently transfected into JDAP cells
and imaged for their contribution to TCR-induced SLP-76 microcluster dynamics. The
WT SLP-76 SH2 domain was reported to interact with ADAP, but not when it was
inactivated by the R448K mutation (23). In ADAP, Y595 and Y651 were previously
shown to interact with SLP-76 (20), while Y625 was reported as a Fyn SH2 domain
ligand (34).
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10.2.2. ADAP requires Y595 and Y651 to stabilize SLP-76 microclusters
To clarify the significance of SLP-76- and Fyn-interacting tyrosines for TCRinduced SLP-76 microclusters, I examined the behavior of SLP-76 in an ADAP-deficient
Jurkat T cell line (JDAP cells) reconstituted with various ADAP-120 chimeras (113). The
dynamics of SLP-76 microclusters in JDAP cells were similar to those observed in
J14.SY cells with ADAP knocked down: microclusters were dim, fragmented, labile, and
immobile (Figures 10.21-10.22; Table 5). Reconstituting JDAP cells with WT ADAP120 increased SLP-76 microcluster brightness, cohesion, persistence and directed
movement (Figures 10.21-10.22; Table 5). Although the ADAP Y595F mutant retained a
single SLP-76-binding tyrosine, it only transiently entered SLP-76 microclusters, and did
not enhance microcluster brightness, cohesion, persistence, or movement above JDAP
cells (Figures 10.21-10.22; Table 5). Similarly, Pauker et al. reported that the single
Y651F-bearing ADAP mutant colocalized with irregular SLP-76 microclusters and
interfered with microcluster stability (32). While a previous report indicated that SLP-76
preferentially binds Y651 over Y595 in T cells (20), together these studies reveal that
both SLP-76-binding tyrosines are actually necessary for ADAP to stabilize microclusters
(32). Fittingly, SLP-76 entered similar microclusters in JDAP cells reconstituted with
ADAP chimeras that were mutated at both SLP-76-binding tyrosines (ADAP 2YF;
Y595F/Y651F), although transient ADAP clusters were not observed. Identical SLP-76
microclusters formed in JDAP cells reconstituted with ADAP chimeras bearing triple
mutations at both SLP-76-docking tyrosines and the Fyn-docking tyrosine (ADAP 3YF;
Y595F/Y625F/Y651F), suggesting that Y625 is not required for SLP-76 microclusters
(Table 5). Nevertheless, all ADAP chimeras entered the lamellipodia (Figure 10.21).
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From these data I inferred that, minimally, the SLP-76-interacting tyrosines contribute
bidentate interactions that couple one ADAP molecule to two SLP-76 molecules. These
data further suggest that the Fyn-binding tyrosine does not contribute to SLP-76
microclusters in the absence of the SLP-76-docking tyrosines. Thus, the aberrant
microcluster dynamics observed in the absence of a functional SLP-76 SH2 domain are
attributed to compromised direct interactions between SLP-76 and ADAP.
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Figure 10.21: ADAP tyrosines are required for recruitment to TCR-induced SLP-76
microclusters.
(A) ADAP-deficient Jurkat T cells (JDAP cells) transiently co-transfected with vectors
encoding SLP-76.WT.mCFP and the indicated 3xFlag.TRT chimeras were stimulated,
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imaged, and presented as in Figure 10.2 (n=3 experiments). Scale bars on ‘Merge’ denote
10µm. Kymographs of cells shown (right); Scale bars denote 5 µm x 60 s. (B) Composite
kymographs depict SLP-76 microcluster dynamics for conditions shown in (A). Hatch
marks indicate the point at which half of the traced microclusters dissociated.
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Figure 10.22: Tyrosine 595 of ADAP contributes to SLP-76 microcluster integrity.
The properties of SLP-76 microclusters in JDAP cells that were co-transfected with
vectors encoding SLP-76.mCFP and the indicated ADAP-120 chimeras were tabulated as
in Figure 10.2. Error bars show SEM; significant differences from either JDAP cells +
ADAP.WT (*p < 0.05; **p < 0.01) or JDAP cells (†p < 0.05; ††p < 0.01) are shown. The
SLP-76 microcluster dynamics were based on observations from 15 cells (NULL;
Y595F; 2YF), 22 cells (WT), and 17 cells (3YF).
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Table 5. ADAP requires Y595 to stabilize SLP-76 microclusters.
JDAP cells were co-transfected with SLP-76 and the indicated TRT expression vectors.
All ADAP chimeras are based on the full-length ADAP-120 isoform. SLP-76
microcluster behavior and SEM were calculated as in Table 3.

Persistence (s)
TRT
120-WT
Y595F
2YF
3YF

69.97 ± 8.4**
185.57 ± 13.3††
112.27 ± 12.2*†
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83.65 ± 5.0**
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n
(exp’t)

(cells)

0.001
n.a.
0.011
0.004
0.002

n.a.
0.001
0.046
0.017
0.235

7.83 ± 2.5*
34.71 ± 6.0††
4.92 ± 0.2**
9.00 ± 1.01*
5.74 ± 1.08**

0.015
n.a.
0.008
0.015
0.009

n.a.
0.015
0.306
0.686
0.481

21.70 ± 9.9*
65.51 ± 6.6†
20.23 ± 4.3**
29.30 ± 6.3*
24.03 ± 11.3*

0.012
n.a.
0.004
0.012
0.02

n.a.
0.012
0.899
0.554
0.885

3
4
3
3
3

15
22
15
15
17

Student's t Test: versus JDAP+ADAP120-WT: * p < 0.05; ** p < 0.01; Student's t Test:
versus JDAP+TRT: † p < 0.05; †† p < 0.01.

134

10.2.3. Y595 and Y651 govern ADAP phosphorylation
While both Y595 and Y651 are required for ADAP to promote TCR-induced integrin
activation (37), SMAC formation (37), and stable SLP-76 microclusters (based on
Figures 10.21-22 and observations from (32)), how these tyrosines contribute to overall
ADAP phosphorylation has not been identified. ADAP phospho-specific antibodies are
not commercially available. Therefore, I assessed ADAP phosphorylation by western
blotting with a pan-phospho-tyrosine antibody on immunoprecipitated ADAP chimeras
from unstimulated and TCR-stimulated Jurkat T cells. In Jurkat T cells, N- and C-tagged
WT ADAP chimeras were basally and inducibly tyrosine phosphorylated (Figures 10.2310.24), suggesting that tagging ADAP at either terminus does not impair its accessibility
by tyrosine kinases. The basal and inducible phosphorylation of endogenous ADAP was
previously reported, confirming that the ADAP chimeras recapitulate endogenous ADAP
phosphorylation (23, 106).

135

C305 Stim:
pY (4G.10)
-ADAP-

150

ADAP

150

3xFlag.mCFP

3xFlag.mCFP.
ADAP-120

0'

0'

5'

10'

5'

10'

IP: AB290 (mCFP)
JDAP cells

Figure 10.23: N-tagged ADAP chimeras are basally and inducibly tyrosine
phosphorylated.
JDAP cells were transiently transfected with vectors encoding N-tagged ADAP chimeras,
stimulated through the TCR and lysed at the indicated time points. The chimeras were
immunoprecipitated, resolved on gels, transferred to PVDF membranes and blotted as
indicated. The protein sizes were based on a protein ladder that was run alongside the
immunoprecipitates. The relevant sizes at which the proteins were detected are depicted
to the left of each blot; sizes are in kDa. These results are representative of three
independent experiments.
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Figure 10.24: C-tagged ADAP chimeras are basally and inducibly tyrosine
phosphorylated.
JDAP cells were transiently transfected with vectors encoding C-tagged ADAP chimeras.
ADAP chimeras were immunoprecipitated from JDAP cells that were stimulated and
lysed as in Figure 10.23. Immunoprecipitates were resolved on gels, transferred to PVDF
membranes and blotted as indicated. The protein sizes were based on a protein ladder that
was run alongside the immunoprecipitates. The relevant sizes at which the proteins were
detected are depicted to the left of each blot; sizes are in kDa. Western blot is
representative of results from more than three independent experiments.
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To assess how Y595 and Y651 might impact ADAP phosphorylation, I compared
phosphorylation of WT and 2YF ADAP chimeras. While WT ADAP chimeras were
basally and inducibly phosphorylated, the ADAP 2YF mutant was not detectably
phosphorylated, suggesting that either Y595 and Y651 are the only relevant
phosphorylation sites in ADAP, or that they promote ADAP phosphorylation at
additional sites (Figure 10.25).
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Figure 10.25:

Tyrosines 595 and 651 govern total ADAP phosphorylation

downstream of the TCR.
JDAP cells were transiently transfected with vectors encoding N-tagged ADAP WT (left)
or 2YF (right) chimeras, which were immunoprecipitated from lysates as in Figure 10.23.
Immunoprecipitates were resolved on gels, transferred to PVDF membranes and blotted
as indicated. The protein sizes were based on a protein ladder that was run alongside the
immunoprecipitates. The relevant sizes at which the proteins were detected are depicted
to the left of each blot; sizes are in kDa. These results are representative of three
independent experiments.
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When WT or 2YF ADAP chimeras were expressed in J14.SY cells, a small fraction of
SLP-76 was associated with WT, but not 2YF, ADAP in the absence of TCR stimulation.
The minimal detectable association between SLP-76 and WT ADAP accurately reflected
the basally phosphorylated pool of ADAP. However, upon stimulation through the TCR,
SLP-76 chimeras were inducibly associated with substantially more WT ADAP, but
failed to associate with 2YF ADAP, suggesting that SLP-76 requires both these tyrosines
to interact with ADAP (Figure 10.26). Since the ADAP 2YF chimera was not tyrosine
phosphorylated, did not enter SLP-76 microclusters, and did not interact with SLP-76, I
concluded that phosphorylation is critical for ADAP to interact with SLP-76 and enter
SLP-76 microclusters.
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Figure 10.26: Y595 and Y651 are required for interactions with SLP-76.
J14.SY cells were stably transduced with lentiviruses encoding either wild type (WT) or
2YF (Y595F/Y651F) 3xFlag.TRT.ADAP-120. Cells were TCR-stimulated, lysed at the
indicated times, and WT SLP-76.mYFP chimeras were immunoprecipitated with an
antibody against mYFP (ab290). The resolved proteins were transferred to a PVDF
membrane and western blotted as indicated. Open and closed arrows indicate exogenous
and endogenous ADAP, respectively. The protein sizes were based on a protein ladder
that was run alongside the immunoprecipitates and total lysates. The relevant sizes at
which the proteins were detected are depicted to the left of each blot; sizes are in kDa.
These results are representative of two independent experiments. The constructs used
here were made by JBL and subcloned by SCB and JMR into lentiviral expression
vectors. The stable cell lines, stimulations and blots were generated by SCB and JMR,
while the figure was put together by JBL.
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10.2.4. A novel pY595 antibody detects TCR-induced phospho-ADAP
So far, my studies suggest that phosphorylation of ADAP is a prerequisite for it to
enter SLP-76 microclusters. Therefore, I set out to better understand the requirements for
TCR-induced ADAP phosphorylation. Since the SLP-76-interacting tyrosines appeared
to be the earliest detectable phosphorylation sites in ADAP, I wanted to assess the
dynamics that specifically promote phosphorylation at those sites. With Y595
contributing to microcluster stability, I generated antisera specific for phosphorylated
Y595. The amino acid motifs flanking Y595 and Y651 are very similar, which suggests
that the requirements for Y595 phosphorylation are likely to also apply to Y651 (Figure
10.27A).
To determine the specificity of the phospho-Y595 (pY595) antiserum, I induced
maximal tyrosine phosphorylation by TCR-stimulating cells in the presence of
pervanadate, a tyrosine phosphatase inhibitor. The pY595 antiserum specifically detected
endogenous and exogenous ADAP in stimulated lysates (Figure 10.27B). Importantly,
the reactivity of the pY595 antiserum was largely eliminated by the Y595F mutation.
Similarities in the flanking amino acid motifs of Y595 and Y651 generated minimal
cross-reactivity with phosphorylated Y651, given that the 2YF mutation completely
abolished all pY595-specific detection (Figure 10.27B). By contrast, neither the Y625F
nor the Y651F mutation reduced the reactivity of the pY595 antisera, indicating that it is
selective for phosphorylated Y595.
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Figure 10.27: Specificity of the Y595 phospho-site antisera.
(A) The highlighted sequence environing Y595 in ADAP was used to develop a
phosphoADAP site-specific antiserum. Related sites are shown: (upper) aligned
sequences of phosphorylation sites (reported and hypothetical) for SLP-76 SH2 domainbinding; (lower) reported SLP-76-binding sites in human (Homo sapiens, hs) ADAP and
orthologous sites in mouse (Mus musculus, mm), chicken (Gallus gallus, gg), and
zebrafish (Danio rerio, dr). (B) Specificity of antisera targeting phosphorylated Y595.
Total lysates from unstimulated or pervanadate- and C305-stimulated J14.SY cells stably
expressing the indicated 3xFlag.TRT.ADAP-120 chimeras were western blotted. Open
and closed arrows indicate exogenous and endogenous ADAP, respectively. The protein
sizes were based on a protein ladder that was run alongside the total lysates. The relevant
sizes at which the proteins were detected are depicted to the right of each blot; sizes are
in kDa. These results are representative of three independent experiments. The sequence
alignments in panel (A) were collaborative efforts between SCB and JBL. The constructs
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used to generate panel (B) were made by JBL, while the stable cell lines, stimulations,
and western blots done in a collaborative effort among SCB, JMR, and JBL.
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In the absence of pervanadate, TCR ligation induced phosphorylation at Y595, which was
undetectable in the Y595F and 2YF mutants. Thus, the minimal cross-reactivity by the
antiserum at Y651 does not occur in physiological conditions (Figure 10.28). Since
studies in T cells suggest that ADAP phosphorylation requires Src kinases (34, 106), I
tested whether the phosphorylation of ADAP required Src kinase activity. In agreement
with prior observations, chemical inhibition of Src kinases specifically disrupted the
detection of phosphorylated ADAP by the phospho-specific antiserum (Figure 10.29).
These tests confirm that the pY595 antiserum is selective and can be used to assess the
requirements for ADAP phosphorylation at Y595.
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Figure 10.28: Tyrosine 595 phosphorylation is induced downstream of the TCR.
J14.SY cells stably expressing the indicated 3xFlag.TRT.ADAP-120 chimeras were TCR
stimulated, lysed, and western blotted for ADAP phosphorylation at. The protein sizes
were based on a protein ladder that was run alongside the total lysates. The relevant sizes
at which the proteins were detected are depicted to the left of each blot; sizes are in kDa.
These results are representative of three independent experiments. The constructs used to
generate this figure were made by JBL, while the stable cell lines, stimulations, and
western blots done by SCB and JMR.
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Figure 10.29: Y595 phosphorylation requires active Src kinases.
Src kinases control the TCR-induced phosphorylation at Y595 in endogenous ADAP
(n=2 experiments). Cells were pre-treated with 10 µM PP2 (Src kinase inhibitor) or with
a carrier (DMSO) for 10 min before stimulation and lysis. Lysates were western blotted
as indicated. The protein sizes were based on a protein ladder that was run alongside the
total lysates. The relevant sizes at which the proteins were detected are depicted to the
left of each blot; sizes are in kDa. These results are representative of three independent
experiments. The stimulations and western blots done by SCB and JMR.
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10.2.5. Direct interactions with SLP-76 regulate ADAP phosphorylation
Src kinases contribute to the phosphorylation at Y595, which contributes to
microcluster stability (section 10.2.1). Therefore, I investigated whether the reported Fyn
SH2-docking tyrosine, Y625, is necessary for ADAP phosphorylation (34). Although the
single Y625F mutation did not impair ADAP phosphorylation, elimination of Y651, the
alternate SLP-76 docking site, impaired phosphorylation at Y595 (Figure 10.30). These
data indicate that phosphorylation at Y595 is independent of Y625, yet requires Y651.
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Figure 10.30: Optimal phosphorylation at Y595 requires Y651.
J14.SY cells stably expressing the indicated 3xFlag.TRT.ADAP-120 chimeras were
TCR-stimulated, lysed, and western blotted for ADAP phosphorylation at Y595. Open
and closed arrows indicate exogenous and endogenous ADAP, respectively. The protein
sizes were based on a protein ladder that was run alongside the total lysates. The relevant
sizes at which the proteins were detected are depicted to the left of each blot; sizes are in
kDa. These results are representative of three independent experiments. The constructs
used to generate this figure were made by JBL, while the stable cell lines, stimulations,
western blots, and figure generation were done in collaboration by SCB, JMR, and JBL.
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This latter result was striking, since the Y651F mutation did not affect phosphorylation at
Y595 when cells were stimulated in the presence of pervanadate (compare Figure 10.30
to 10.27 on page 127). Thus, phosphatases must also significantly influence
phosphorylation at Y595. Since ADAP requires both tyrosines to enter SLP-76
microclusters, I hypothesized that interactions with SLP-76 protect ADAP from
dephosphorylation. To assess whether SLP-76 contributes to ADAP phosphorylation, I
examined ADAP chimeras expressed in J14 cells and in J14 cells reconstituted with SLP76. In the absence of SLP-76, TCR stimulation did not increase the basal phosphorylation
of ADAP. By contrast, the re-expression of SLP-76 repaired the TCR-inducible
phosphorylation of ADAP (Figure 10.31), indicating that SLP-76 promotess total ADAP
phosphorylation.
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Figure 10.31: SLP-76 contributes to ADAP phosphorylation.
J14 cells were transiently co-transfected with vectors encoding 3xFlag.TRT.ADAP-120
and mYFP or SLP-76.mYFP. Cells were TCR-stimulated, lysed at the indicated times,
and ADAP chimeras were immunoprecipitated with an antibody against Flag. The
resolved proteins were transferred to a PVDF membrane and western blotted as indicated.
The protein sizes were based on a protein ladder that was run alongside the
immunoprecipitates. The relevant sizes at which the proteins were detected are depicted
to the left of each blot; sizes are in kDa. These results are representative of three
independent experiments.
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To assess whether a direct interaction with SLP-76 maintains ADAP phosphorylation at
Y595, I examined ADAP phosphorylation in total lysates from J14 cells that were
reconstituted with WT or SH2 domain-mutated SLP-76. Consistent with the
immunoprecipitation assay, phosphorylation at Y595 remained basal in TCR-stimulated
J14 cells, and was inducible in SLP-76-reconstituted J14 cells. Importantly,
phosphorylation at Y595 remained basal in J14 cells that were reconstituted with SLP-76
RK, indicating that a functional SLP-76 SH2 domain is required for ADAP
phosphorylation (Figure 10.32). These studies confirm that ADAP must be
phosphorylated to enter SLP-76 microclusters, and indicate that direct interactions with
SLP-76 protect ADAP from dephosphorylation. Therefore, the Y651F mutation must
have impaired interactions with SLP-76 such that phosphorylated Y595 was more
efficiently targeted by phosphatases.
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Figure 10.32: A functional SLP-76 SH2 domain protects ADAP phosphorylation.
J14 cells stably expressing vectors encoding WT or SH2-mutated (RK) SLP-76.YFP
chimeras were TCR-stimulated, lysed, and western blotted as indicated. The protein sizes
were based on a protein ladder that was run alongside the total lysates. The relevant sizes
at which the proteins were detected are depicted to the left of each blot; sizes are in kDa.
The presented western blot is representative of three independent experiments. The
human SLP-76 constructs used to generate this figure were made by JBL, while the stable
cell lines, stimulations, western blots, and figure generation were by SCB and JMR.
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10.2.6. A functional SLP-76 SH2 domain is required to interact with ADAP
Although the association between ADAP and SLP-76 is generally thought to
require a functional SH2 domain (23, 34, 106, 108), one recent study suggested that the
SH2 domain is dispensable for their interaction (32). Importantly, ADAP activates
integrins and adhesion through an interaction with the adaptor SKAP55 (59). Therefore, I
postulated that SKAP55 contributes to unconventional interactions between ADAP and
SLP-76.
In coimmunoprecipitation assays, I examined whether SKAP55 provides an
alternate route for ADAP to interact with SLP-76. Accordingly, J14 cells were transiently
co-transfected with vectors encoding 3xFlag.TRT.ADAP and SKAP55.TRT and either
WT SLP-76.mYFP, RK SLP-76.mYFP, or the mYFP control vector (Figure 10.33A). In
agreement with the original reports, WT SLP-76 interacted with ADAP, while the RK
mutation disrupted their association (Figure 10.33B). Although SKAP55 did not
contribute to unconventional interactions between ADAP and SLP-76, the association
between SKAP55 and ADAP remained intact when WT SLP-76 captured ADAP. These
results confirm that a functional SLP-76 SH2 domain contributes to associations with
ADAP, and indicate that ADAP does not interact with SLP-76 in an unconventional
manner.
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Figure 10.33: A functional SLP-76 SH2 domain is required to interact with ADAP.
(A-B) J14 cells were transiently transfected with vectors encoding 3xFlag.TRT.ADAP120 (~150 kDa), SKAP55.TRT (~75 kDa),, and the indicated mYFP-expressing chimeras
(SLP-76: ~100 kDa; mYFP: ~37 kDa),. The total cell populations were either
unstimulated or stimulated through the TCR and lysed at 5 minutes. To
immunoprecipitate mYFP-tagged proteins, whole cell lysates were precleared at 4°C for
2 hours and subsequently incubated at RT for 45 minutes with protein A beads that were
conjugated to the antibody that targets mYFP (ab290). Whole cell lysates (A) and
immunoprecipitates (B) were resolved on poly-acrylamide gels and proteins were
transferred to PVDF membranes. Membranes were blocked with 5% BSA and western
blotted as indicated.
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10.2.7. The TCR recruits ADAP into SLP-76-independent structures
In the TCR signaling cascade, ADAP is placed downstream of SLP-76, despite
the fact that it must first be phosphorylated to bind SLP-76. Recently, Pauker et al.
assessed associations among SLP-76 microcluster components using Fluorescence
Resonance Energy Transfer (FRET), which detects the proximity of fluorescently labeled
molecules (32). High FRET efficiency occurs when the photon-induced excitation of one
donor protein is transferred to an acceptor protein without the emission of a photon.
Pauker et al. observed a high FRET efficiency between WT ADAP and WT SLP-76,
which was indicative of their known association. However, a modest, but statistically
significant, reduction in FRET efficiency was observed when the SLP-76 SH2 domain
was inactivated. Their interpretation of these observations was that ADAP and SLP-76
constitutively associate through an unknown mechanism, despite the fact that this
contradicts many observations indicating that a functional SLP-76 SH2 domain is
essential to bind ADAP (20, 22, 23, 32). Since the only manner by which ADAP and
SLP-76 can directly associate is through the respective tyrosines and the SH2 domain,
their conclusion is clearly incomplete. While ADAP interacts with Nck, which could
contribute an alternative route to enter microclusters, the TCR might recruit ADAP into a
SLP-76-independent structure, in which ADAP becomes phosphorylated. Assuming that
the TCR recruits ADAP and SLP-76 alike to discrete structures, the similar FRET
efficiency and therefore proximity between ADAP and SH2 domain-mutated SLP-76
makes sense. This would explain that the reduced FRET signal observed by Pauker et al.
was due to the impaired cohesion of SLP-76 RK microclusters, and that FRET was still
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detectable because the SLP-76 SH2 domain is not required for the TCR to recruit ADAP
to similar sites.
To assess whether the TCR communicates with ADAP independently of SLP-76,
I compared the subcellular localization of ADAP in J14 cells to those that were
reconstituted with WT SLP-76 or RK SLP-76. In J14 cells, ADAP entered filopodia, the
actin-rich fingerlike projections used by T cells to survey APCs for antigen (Figure
10.34, top panel). These observations indicate that ADAP enters cytoskeletal structures
independently of SLP-76. However, the poor adhesion of J14 cells made it difficult to
assess whether ADAP enters SLP-76-independent structures at the immune synapse. By
contrast, J14 cells reconstituted with WT SLP-76 landed and formed mobile SLP-76
microclusters that contained ADAP. Consistent with my prior observations, ADAP was
also observed at lamellipodia (Figure 10.34, middle panel). In J14 cells expressing the
SLP-76 RK mutant, ADAP entered the unstable lamellipodia surrounding the contact, but
did not enter the labile microclusters, which is consistent with the immunoprecipitation
studies (Figure 10.34, bottom panel). Nevertheless, ADAP appeared to enter structures
that formed at the same sites as the labile microclusters, and is easily observed in the split
kymographs that display the independent phenotypes of the ADAP and SLP-76 chimeras
(Figure 10.35B, yellow arrows). Thus, the TCR triggers an unidentified pathway that
recruits ADAP into SLP-76-independent structures.
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Figure 10.34: ADAP enters actin-based structures independently of SLP-76.
Still images of J14 cells transiently expressing 3xFlag.TRT.ADAP-120 and the indicated
YFP chimeras. Cells were stimulated and imaged as in Figure 10.2. The yellow arrows
and lines depict nascent and grown filopodial extensions, respectively.
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Figure 10.35: Independent ADAP-rich structures and SLP-76 microclusters form
alongside the TCR.
(A-B) (A and B, Top panels) Kymographs of J14 cells transiently co-expressing
TRT.ADAP-120 and the indicated SLP-76.mYFP chimeras, as in Figure 10.33. The cells
were stimulated and imaged as in Figure 10.2. SLP-76 and ADAP were closely examined
at regions of SLP-76 microcluster formation. (A, lower panels) ADAP and WT SLP-76
enter punctate microclusters as per normal. (B, top panels) Yellow arrows emphasize the
origins of overlapping ADAP-rich structures and SLP-76 RK microclusters. A prior
report from our lab indicated that the origins of SLP-76 microclusters are the sites of
TCR microclusters (84). (B, lower panels) ADAP enters elongated structures that are
independent of interactions with SLP-76, while SH2 domain-mutated SLP-76 (SLP76.RK) enters labile microclusters that exclude ADAP.
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While each of these structures formed at the TCR, the labile SLP-76 microclusters
persisted for longer periods, suggesting that they are regulated by autonomous TCRinduced signals (Figure 10.35). When I closely examined the sites of complex formation,
I observed that the ADAP-rich structures did not resemble SLP-76 microclusters at all
(Figure 10.35B, bottom panel). By contrast, after entering SLP-76 microclusters, ADAP
assumed the same shape and moved with SLP-76 (Figure 10.35A, bottom panel).
Therefore, I suggest that both ADAP and SLP-76 are recruited by the TCR, but that they
enter discrete structures before they merge.
The ADAP-rich structures were flat and elongated, closely resembling focal
adhesions. Just as focal adhesions are firm contacts associated with actin- and myosinrich stress fibers (140), I observed the colocalization of ADAP and actin (Chapter 1).
Thus, I propose that these ADAP-rich structures are focal adhesion-like complexes
recruited by the TCR for the purpose of establishing stable, adhesive microclusters. To
the best of my knowledge, this is the first report that the TCR triggers ADAP localization
to nascent complexes that are decisively independent of both SLP-76 and SLP-76
microclusters. Just as SLP-76 microclusters form alongside the TCR where slight
overlap, but not colocalization, is observed (84), ADAP is recruited alongside SLP-76
microclusters. Since Pauker et al. used FRET analysis to assess the proximity of
molecules, naturally they would not detect differences in ADAP and SLP-76 RK
localization if they do not move away from one another. The dynamic imaging analyses
here clearly demonstrate that the TCR recruits ADAP to structures independently of SLP76, which is most obvious when SLP-76 is mutated so that it cannot interact with ADAP.
Thus, I suggest that the TCR recruits ADAP so that it is firstly phosphorylated and
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secondly bridges SLP-76 microclusters to the actin cytoskeleton. In this manner, ADAP
facilitates T cell activation.
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10.2.8. ADAP is prepositioned at sites of microcluster formation
A plethora of actin-associated proteins contribute to optimal T cell functions.
While Ena/VASP proteins facilitate the formation of filopodia, ADAP might contribute
to optimal antigen detection by ensuring that TCRs are at the very tips of filopodia. In
activated T cells, the TCR might recruit ADAP prior to recruiting SLP-76, providing a
second docking site for microclusters that contributes to their stability and their ability to
stabilize immune synapses. Thus, I propose that ADAP parallels the functions of ERM
proteins that contribute to cell shapes and their consequent signals by bridging the plasma
membrane to the cytoskeleton.
To assess whether ADAP contributes to antigen detection, I examined its
subcellular localization in cells landing on stimulatory glass coverslips. In J14.SY cells
that exclusively expressed TRT.ADAP-120 chimeras, ADAP was frequently observed in
the filopodia and the ensuing lamellipodial projections of landing cells (Figure 10.36).
During the spreading process, ADAP was also observed within lamellipodial tips that
formed arcs at the plane of contact (Figure 10.36; arcs denoted by dotted lines). SLP-76
microclusters formed along these ADAP-rich arcs, and appropriately recruited ADAP
into the clusters precisely at the points of microcluster formation (Figure 10.36; cyan
dotted lines indicate persistent ADAP-rich arcs). By contrast, ADAP-rich arcs that were
not populated by SLP-76 microclusters faded away, and new arcs were formed elsewhere
(Figure 10.36; magenta dotted lines indicate transient arcs). These data strongly indicate
that ADAP is tightly associated with the actin cytoskeleton and contributes to actindependent extensions that are intimately tied to antigen detection.
163

In the lamellipodia of fully spread cells, ADAP formed the focal adhesion-like
structures that overlapped with SLP-76 microcluster formation. Further confirming that
the TCR signals to ADAP independently of SLP-76, these ADAP-rich structures either
merged with newly formed SLP-76 microclusters (Figure 10.37; cyan dotted circle), or
faded when microclusters did not form alongside them (Figure 10.37; magenta dotted
circles). These ADAP rich structures were dynamic, and would reform at similar sites,
which is indicative of an underlying structure. Altogether, these data confirm that ADAP
is a component of actin-rich structures that overlap with the sites of microcluster
nucleation. These observations disclose the existence of a novel pathway by which the
TCR communicates with ADAP.
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Figure 10.36: ADAP is a component of the actin-rich structures at which
microclusters form.
Still images that depict the first moments of a J14.SY cell expressing only exogenous
ADAP coming into contact with the stimulatory surface (anti-TCR; OKT3). Dashed arcs
identify ADAP-rich features; structures alongside the cyan lines persist and are populated
by SLP-76 microclusters; structures alongside the magenta lines dissociate. Yellow arrow
emphasizes the first SLP-76 microcluster.
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10.2.9. Chapter 2 Summary
Of the regions in ADAP, the tyrosines and their flanking motifs are the bestconserved sequences. Only three of these tyrosines have been routinely studied for their
contribution to TCR-mediated interactions: Y595 and Y651, which interact with the SLP76 SH2 domain, and Y625, which interacts with the Src kinase, Fyn (20, 34).
Additionally, three independent studies revealed that a SLP-76-independent association
with Nck also occurs at the SLP-76-docking tyrosines (104, 107, 109). Despite the
importance of these interactions for TCR-mediated integrin functions and actin
cytoskeletal rearrangements, we do not understand the requirements for their
phosphorylation or whether their phosphorylation stabilizes TCR-induced SLP-76
microclusters (20, 21, 32, 37).
A prior report indicated that Y559 is the most upstream phosphorylation site in
ADAP, as the Y559F mutation abolished the interaction with SLP-76 (108). Despite the
fact that this suggests that ADAP phosphorylation occurs in a SLP-76-independent
pathway and is mediated in a step-wise manner, the current placement of ADAP in the
TCR signaling cascade does not reflect these observations. Instead, ADAP is routinely
placed downstream of SLP-76, without any suggestion of a postulated or unexplored
pathway that contributes to their association. The absence of phospho-site-specific
antibodies has also made it difficult to resolve some of these issues. Thus, we do not
understand how the TCR communicates with ADAP or how phospho-tyrosine-dependent
interactions with SLP-76 and other proteins are regulated.
The data in Chapter 2 reveal novel mechanisms that contribute to the TCRinduced phosphorylation of ADAP and its relationship to SLP-76 microclusters.
167

Together, Y595 and Y651 are the earliest detectable phosphorylation events in ADAP
downstream of the TCR. Using a novel phospho-Y595 site-specific (pY595) antiserum, I
confirm that Src kinases contribute to the earliest detectable phosphorylation of ADAP,
while the SLP-76 SH2 domain unexpectedly protects ADAP from dephosphorylation.
Although a recent report (32) concluded that ADAP interacts with SLP-76 independently
of its SH2 domain, I reveal that Y595 and Y651 of ADAP and a functional SLP-76 SH2
domain are all required for ADAP to interact with SLP-76 and contribute to microcluster
stability. Further, the TCR recruits ADAP to actin-rich filopodia and lamellipodial
structures that are required for efficient antigen detection and are the sites of SLP-76
microcluster formation. ADAP is prepositioned into an autonomous structure that
resembles focal adhesions and does not contain SLP-76. These focal adhesion-like
structures are found at the same sites of microcluster formation, and merge with SLP-76
microclusters or fade away when microclusters are absent. These results realign the TCR
signaling cascade to include ADAP in a SLP-76-independent pathway that contributes to
its association with actin and can merge with the SLP-76 pathway to transform labile,
calcium-competent microclusters into stable, adhesive complexes.
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10.2.10. Chapter 2 Discussion
Mass spectrometry analyses and the tyrosines of ADAP
ADAP contains 16 tyrosines that have been conserved between the human and
murine sequences. Of these tyrosines, 13 reside in the C-terminal portion of ADAP alone
(aa 486-783). Recent mass spectrometry analyses confirmed that the best-studied
tyrosines (595 and 651) together contribute to TCR-induced adhesion to the integrin
ligands, fibronectin and ICAM-1 (104). In agreement, other reports indicated that these
two tyrosines together augment TCR-mediated costimulation by LFA-1, conjugate
formation, and SMAC organization (21, 37). By contrast, another study indicated that
Y651 plays a more important role in binding SLP-76 and in the optimal upregulation of
NF-AT/AP-1 promoter activity, as detected in a luciferase reporter assay (20). In this
work, the Y651F mutant impaired TCR-induced transcription and SLP-76 binding
similarly to the 2YF mutant of ADAP. However, in a more recent study, each site was
independently eliminated, and neither mutation significantly impaired TCR-induced
adhesion to integrin ligands, suggesting a redundant role for these tyrosines (104). Other
mutations at single tyrosines, Y771 and Y780, drastically impaired T cell adhesion to
integrin ligands, indicating these independent mutations are equivalent to the
Y595F/Y651F double mutation (104). These results suggest that as phosphorylation sites,
Y771 and/or Y780 are upstream of both of the SLP-76 tyrosines and may provide
docking sites for kinases. In agreement, Y780 was previously reported to interact with the
c-Src kinase (105). Also, Y625 was reported to dock the Src kinase Fyn and postulated as
upstream of phosphorylation at Y595 and Y651 (141). However, my phosphorylation
studies undoubtedly indicate that Y595 and Y651 together are either the earliest
169

phosphorylation sites or the only relevant phosphorylation sites in ADAP. Mass
spectrometry analyses commonly recover phosphopeptides that correspond to tyrosines
462, 595, 651, and 780, and always detect phosphopeptides that match tyrosines 571,
755, 757, and 771, indicating that other sites must be phosphorylated as well (104, 107).
Therefore, Y595 and Y651 are likely the most upstream phosphorylation sites, with their
phosphorylation a prerequisite for phosphorylation of other tyrosines.
Although Y625 and Y780 were reported to dock the Src kinases Fyn and c-Src,
respectively, and postulated to contribute to subsequent phosphorylation, my results
indicate that the phosphorylation of Y625 and Y780 do not precede phosphorylation at
Y595/Y651 (105, 141). Moreover, it has been difficult to confirm phosphorylation of
Y625 by mass spectrometry, as phospho-peptides matching this site are infrequently
recovered (104, 107). In agreement, a report from Geng et al. indicated that elimination
of Y625 did not impair Jurkat NF-AT/AP-1 activity downstream of the TCR, suggesting
that it might be an irrelevant site in vivo. We also developed a phospho-Y625 sitespecific antiserum that either failed to work, or did not work because Y625 is not
phosphorylated in vivo. Further analyses of the functionality of this antiserum will help
address this question.
Alternately, Fyn might associate with the Y625-containing region in a phosphotyrosine-independent fashion, as has been similarly shown for interactions between the
Fyn SH2 domain and Cbl (142). Fittingly, the data suggesting that Fyn associates with
ADAP in a tyrosine-dependent manner is not very convincing (Fyb-130; ‘Fyb’ in the
article) (34). While the authors claim that more WT Fyb compared to mutated Fyb
(Y625F mutation is indicated as ‘YàFDGI’) bound the Fyn SH2 domain in COS cells
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co-transfected with the relevant proteins, the lysate was severely underloaded for the
mutated Fyb. Therefore, the decreased interaction between Fyb and the Fyn-SH2 domain
could have been due to substantially less of mutated Fyb to start with. Whether Y625 is a
physiologically relevant phosphosite in ADAP remains to be seen, and if it is I expect it
to be targeted downstream of phosphorylated Y595 and Y651.

Y559 contributes to proper the folding of ADAP, rather than interactions with SLP-76
That Y595 and Y651 are the earliest phosphorylation sites in ADAP is in contrast
to a prior report from Boerth et al., where Y559 was reported as the most critical
phosphorylation site for interactions with SLP-76 (108). In their assays, they searched for
relevant SLP-76-docking sites in ADAP by testing the ability of various C-terminal
fragments (aa 460-783) of ADAP to interact with SLP-76. These C-terminal fragments
were further truncated inward from the C-terminus. They reasoned that fragments
containing the pertinent SLP-76 binding sites would bind SLP-76, while truncated
fragments would not bind SLP-76 if critical sites were eliminated. Accordingly, the
truncated fragments containing aa 460-750 and 460-595 bound SLP-76, while the 460524aa fragment did not. As Y559, Y561, and Y571 were present in the 460-595aa Cterminal fragment, but not the shorter fragment, these tyrosines were mutated to
phenylalanine in the context of full-length ADAP. These full-length chimeras were then
assessed for their ability to bind SLP-76 and impair NF-AT production (108). At that
time, the role of ADAP in T cell signaling was unclear, as it was unknown that
expression levels of exogenous ADAP relative to endogenous ADAP alter its effects on T
cell signals, such that it results in a dominant-negative effect (22). Although the
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expression levels of the ADAP chimeras were not compared to endogenous levels, the
chimeras were expressed such that the associations between ADAP and SLP-76 were
reported to impair T cell signals. Accordingly, full-length WT ADAP bound SLP-76 and
impaired T cell activation, as expected. While Y561F-ADAP and Y571F-ADAP
chimeras behaved like the WT ADAP chimera, the Y559F mutation impaired the ability
of ADAP to bind SLP-76 and to inhibit T cell activation. Therefore, they concluded that
Y559 is a crucial upstream SLP-76-docking site.
The hSH3 domains were crystalized four years after this report, at which time
Y559 was demonstrated to reside within a well-structured region of the N-hSH3 domain
(102, 104). Similarly, Y755 resides in a location of the C-hSH3 domain that parallels the
location of Y559 in the NhSH3. Both tyrosines are buried within a hydrophobic core of
their respective domain, and the structure of the hSH3 domains is intact after in vitro
phosphorylation (104). The initial report most likely misinterpreted Y559 as a crucial
phosphorylation site, and did not realize that it contributes to the proper folding of the NhSH3 domain. Therefore, I postulate that the Y559F mutation impaired the structure of
ADAP, rendering it inert and unable to bind SLP-76. In light of more recent mass
spectrometry studies (104) and the absence of phosphorylation with the ADAP 2YF
mutant, Y559 phosphorylation is most likely not required for SH2 domain-containing
proteins to dock on, but is important for ADAP functions. Thus, the identification of
Y595 and Y651 as early phosphorylation sites is still likely.

ADAP phosphorylation links the TCR to the actin cytoskeleton via SLP-76 microclusters
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ADAP has been proposed to directly associate with the cytoskeletal adaptor Nck
via phosphorylated Y595 (104, 107, 109), an interaction that could enhance the adhesive
nature of microclusters by increasing the overall avidity of the complex. That the
associations between Nck and ADAP are independent of SLP-76 demonstrates the
complexity of the molecular associations in microclusters (104). Also, a microclusterindependent pool of Nck and ADAP might contribute to other cytoskeletal processes,
including circumferential actin rearrangements and filopodial extensions that do not
absolutely require SLP-76 (32, 109). A complex consisting of ADAP, Nck, WASP, and
SLP-76 molecules has been repeatedly reported over the past decade and a half (32, 103,
109). Nck acting in concert with ADAP to recruit WASP to SLP-76 microclusters would
have direct implications on T cell shape, polarity, adhesion, actin rearrangements and T
cell responses. Associations with other actin mediators might add further stability to the
immune synapse, including the interaction with Ena/VASP proteins at the tips of
filopodia and at the leading edge of lamellipodia.

Realignment of ADAP within the TCR signaling cascade
The TCR-induced interaction between ADAP and SLP-76 is well documented but
not well understood. For instance, although tyrosine phosphorylation is critical for ADAP
to interact with SLP-76, ADAP is consistently placed downstream of SLP-76 without any
indication that TCR-dependent signals must phosphorylate ADAP to promote its
association with SLP-76 (For example see Figure 2 in(143)). A prior report indicated that
a constitutive association between ADAP and SLP-76 occurs independently of a
functional SLP-76 SH2 domain, as an unsubstantial change in FRET efficiency was
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observed between ADAP and SLP-76 RK (32). With similar observations to those
reported by Pauker et al, I clarified the meaning of their observations and also confirmed
prior assertions that the interaction between ADAP and SLP-76 does, in fact, require a
functional SH2 domain (21-23, 34, 37).
The observation that ADAP remains in close proximity to SH2 domain-mutated
SLP-76 Pauker et al. are in line with those reported here, however this is not indicative of
a constitutive association between ADAP and SLP-76. Rather, the TCR recruits ADAP
and SLP-76 to autonomous structures at similar sites, the former structure is novel and
currently undefined while the latter structure is the SLP-76 microcluster. These two
complexes likely merge when ADAP is phosphorylated and SLP-76 contains a functional
SH2 domain. A report from our lab demonstrated that SLP-76 microclusters form
alongside TCR microclusters, which indicates that ADAP is probably also recruited into
a structure alongside the TCR (84). The apparent proximity of SLP-76 RK and ADAP
would be sufficient to generate a high FRET efficiency, albeit misleading. Although
FRET is extremely useful to understand molecular changes that occur in cells, FRET
efficiency alone is insufficient to conclude that ADAP and SLP-76 are constitutively
associated. Nevertheless, the observations by Pauker et al. have reaffirmed the
observations described here, and contribute to a new understanding that the TCR recruits
ADAP independently of SLP-76.
These observations place LAT and ADAP at parallel levels of two divergent
TCR-induced cascades, with the phosphorylated ADAP pathway merging with the LAT
pathway to create stable, adhesive contacts via SLP-76 microclusters. The independent
signaling pathways confer differential TCR-induced signals: LAT/GADS/SLP-76

174

complex creates labile microclusters that are calcium competent, while the merge of this
complex with the ADAP/Actin pathway regulates T cell contacts at the immune synapse
(Figure 10.36). Interestingly, a paralogous pathway governing B cell receptor (BCR)
signaling exists. Although ADAP is not expressed in B cells, the SH2 domain of the SLP76 paralog, SLP-65/BLNK, directly binds a non-ITAM motif in the Igα signaling subunit
of the BCR, facilitating downstream signals (144, 145).

The TCR recruits ADAP to SLP-76-independent, ‘focal adhesion-like’ structures
Just as the TCR recruits SLP-76 alongside TCR microclusters, it also recruits
ADAP into a ‘focal adhesion-like’ structure, which is also alongside TCR microclusters.
Focal adhesions are macromolecular assemblies that regulate cell anchorage and
effectively link the actin cytoskeleton to the extracellular matrix. These complexes
function during immune responses, playing important roles in transendothelial migration
and T cell motility. Like microclusters, focal adhesions are bidirectional-signaling tools
that transform extracellular cues to intracellular signals. Focal adhesions are extremely
complex and consist of over 100 proteins, including the Focal Adhesion Kinase (FAK),
scaffolding proteins, actin binding proteins, and linkers between integrins and the actin
cytoskeleton. Activated integrins also change the actin arrangements at the immune
synapse and retain SLP-76 microclusters at TCR microclusters, increasing their lifetime
(84). Importantly, the TCR requires ADAP to activate integrins (21, 27, 28, 33, 37, 125).
Here, I report that ADAP is recruited to a SLP-76-independent structure that strongly
resembles focal adhesions, and suggest that the TCR uses ADAP to anchor the T cell to
APCs at sites of antigen detection. The LAT/GADS/SLP-76 association is the ‘core’ of
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microclusters upon which enzymatically active proteins associate with their targets. The
observations here that ADAP is recruited into its own structure that is most likely also
associated with the actin cytoskeleton, strongly suggests that this focal-adhesion-like
complex is the adhesive platform upon which SLP-76 microclusters either merge with or
dock on when increased T cell adhesion is required. This observation provides insight
into the TCR-dependent functions of ADAP and indicates that ADAP contributes to
immune synapse stability by linking the TCR to actin, independently of integrins. That
the flat, elongated shape of this focal adhesion-like structure resembles focal adhesions
further suggests strong links with the underlying actin cytoskeleton at these points.

The role of Src kinase activity in ADAP phosphorylation
As Fyn and Src have been suggested as kinases that phosphorylate ADAP (105,
106), the studies here confirm that Src kinase activity is important for ADAP
phosphorylation at Y595. By contrast, in a prior study, ADAP phosphorylation was
diminished but still detectable in fyn-deficient mice, indicating that Fyn activity only
partially contributes to ADAP phosphorylation (106). Since ADAP phosphorylation is
diminished when both Y595 and Y651 are mutated, I suggest that Fyn regulates the
kinase that phosphorylates ADAP at Y595 and Y651, and without Fyn, this kinase is
inefficiently activated, indicated by the low but detectable ADAP phosphorylation. kinase
that is not Fyn phosphorylates ADAP at the SLP-76 docking tyrosines. This kinase might
be an alternate Src kinase or a kinase that is activated by Src activity. The Syk family
kinase ZAP-70 was ruled out by an independent report, indicating that it is an unlikely
candidate (34). In this same study, there was a small amount of detectable
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phosphorylation by Lck, which might contribute to phosphorylation at only these sites.
Additionally, FAK and Pyk2 have been implicated in the phosphorylation of ADAP and
can be activated by Src. FAK predominantly localizes to focal adhesions while Pyk2 is
generally observed in the cytoplasm. In concert with the observations here, FAK might
localize to the same ‘focal adhesion-like’ complexes to which the TCR recruits ADAP.
Alternately, Pyk2 might phosphorylate ADAP early in the cytosol or later in
microclusters, and might depend on associations with the SKAP55 adaptor as a bridge to
ADAP (146).

Complex requirements for ADAP phosphorylation
With Y595 and Y651 identified as the earliest detectable phosphorylation sites,
and in the absence of site-specific antibodies for ADAP, I developed a phospho-Y595
site-specific antiserum to investigate requirements for ADAP phosphorylation. The data
here demonstrate that upon the elimination of Y651 in TCR-stimulated cells, Y595 is
dephosphorylated, owing to impaired interactions with the SLP-76 SH2 domain. That the
SLP-76 SH2 domain protects ADAP from dephosphorylation is likely, as the PLCγ1 SH2
domain was previously shown to protect the tyrosine phosphorylated epidermal growth
factor receptor from dephosphorylation (147). In conjunction with the observations that
ADAP is recruited to the TCR and requires a functional SLP-76 SH2 domain to merge
with the SLP-76 microclusters, these data suggest that ADAP phosphorylation occurs
alongside the TCR. Since ADAP contains two helically extended SH3 domains that were
reported as ligands of phosphorylated lipids, these domains could also be critical for
ADAP phosphorylation at the membrane.
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Figure 10.38: The realignment of ADAP in response to TCR-induced signaling.
We suggest that LAT and ADAP both contribute to TCR-induced microcluster function
in different manners. While LAT, GADS, and SLP-76 are the core constituents
responsible for microcluster nucleation and TCR-induced calcium responses, ADAP
stabilizes SLP-76 microclusters by increasing the overall avidity of the complex and
contributes to the pro-adhesive functions of the complex. This diagram was done in
collaboration between SCB and JBL.
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CHAPTER 3

N-terminal associations direct microcluster movement and
ADAP phosphorylation

10.3.

The N-terminus directs microcluster movement and ADAP phosphorylation
10.3.1. Chapter 3 Rationale
Since full-length ADAP is recruited to the TCR independently of SLP-76,

membrane binding through conserved regions might contribute to its subcellular
localization. ADAP is highly conserved from humans to fish, containing helically
extended SH3 (hSH3) domains and an Ena/VASP homology ligand (EVHL) motif that
were previously predicted to associate with acidic lipids and regulators of the actin
cytoskeleton, respectively (101, 103). ADAP also contains many other conserved ‘ADAP
homology’ (AH) motifs, none of which have been studied for their effects on
microclusters or ADAP phosphorylation. As AH1-5 motifs comprise the N-terminus,
these might also contribute to the subcellular localization of ADAP, SLP-76 microcluster
stability, or ADAP phosphorylation.
The C-terminus of ADAP contains hSH3 domains and an EVHL motif that could
account for its membrane recruitment through associations with acidic lipids and its
cytoskeletal links that contribute to adhesion, respectively. If ADAP recruitment to either
of these regions accounts for its phosphorylation or ability to stabilize microclusters, then
the isolated C-terminus would be sufficient for ADAP to stabilize microclusters. The Nterminus of ADAP is best known to associate with the SKAP55 adaptor in T cells.
SKAP55 binds Fyn directly and is predicted to bind Pyk2 (29, 146, 148). Thus, SKAP55
might contribute to ADAP phosphorylation by tethering ADAP to its kinase. Either in
this manner, or as an adaptor molecule that contributes to the complexity of SLP-76
microclusters, SKAP55 could contribute to the ability of ADAP to stabilize
microclusters. However, no one has studied the N-terminus beyond its interactions with
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SKAP55, despite the conservation of these AH motifs. Therefore, I assessed the
contributions of the most conserved regions of ADAP to its phosphorylation and to SLP76 microcluster stability.
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10.3.2. The ADAP C-terminal fragment disrupts SLP-76 microclusters
In a prior report, a C-terminal fragment of ADAP spanning aa 460-783 interacted
with SLP-76 (108), indicating that the isolated ADAP C-terminus is sufficiently
phosphorylated to bind SLP-76. Therefore, I assessed whether it was also sufficient to
allow SLP-76 to enter microclusters. I also analyzed both total and Y595 site-specific
phosphorylation of ADAP. A fragment of the ADAP-120 C-terminus, which spanned aa
468 – 783, was overexpressed in J14.SY cells (Figure 10.39). In immunoprecipitation
assays, when massively overexpressed, the ADAP C-terminus was both basally and
inducibly phosphorylated similar to its full-length counterpart (Figure 10.40). This
confirmed that the WT C-terminus is tyrosine phosphorylated and implied that it should
interact with SLP-76, as previously described. However, in live cell imaging assays, the
overexpressed C-terminus of ADAP did not enter either the lamellipodia or SLP-76
microclusters. Further, these data imply that the N-terminus stabilizes the interaction
between ADAP and SLP-76 and recruits ADAP to the lamellipodia. Despite being
cytoplasmic, the C-terminus diminished microcluster persistence and movement (Figure
10.41, top panel; Table 4). These data suggest that the isolated ADAP C-terminus acts as
a dominant negative by sequestering SLP-76 in the cytosol.
Although the ADAP C-terminus is conserved, the tyrosines are the most
conserved features and are clearly required for ADAP to enter microclusters. Taken
together, the WT ADAP C-terminus likely destabilizes microclusters through its
tyrosines. To assess whether phosphorylation of the tyrosines is required for the Cterminus to disrupt microclusters, Y-F mutations were introduced at Y595, Y595/Y651,
and Y595/Y625/Y651 to generate C-term-Y595F, -2YF, and 3YF chimeras (Figure
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10.37). Appropriately, none of the C-terminal chimeras were efficiently phosphorylated
at Y595 when overexpressed in J14.SY cells (Figure 10.42), nor did they impair SLP-76
microclusters (Figure 10.41, bottom four panels; Table 4). Of note, the small amount of
detectable phosphorylation on the mutated C-terminal fragments is probably due to the
similar sequence surrounding Y771, which might only be detectable when ADAP is
massively overexpressed. That the single Y595F mutation inactivated the overexpressed
WT C-terminus so that it stopped impairing microcluster dynamics further confirmed the
importance of both tyrosines for the interactions with SLP-76. Altogether, these data
suggest that the WT C-terminus disrupted microclusters by outcompeting endogenous
ADAP for access to SLP-76, and imply that all other regions of the C-terminus are
dispensable for stabilizing SLP-76 microclusters. Thus, I conclude that the WT ADAP Cterminus disrupted microclusters in a phospho-tyrosine-dependent manner.
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Figure 10.39: Schematic of ADAP C-terminal fragments used in overexpression
studies.
Pictured: cartoons of all the ADAP-120 C-terminal chimeras, including those containing
tyrosine (Y) to phenylalanine (F) substitutions. The Y-F mutations were instrumental to
understand the origin of the dominant negative effects of the overexpressed WT Cterminal fragment on SLP-76 microclusters.
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Figure 10.40: The overexpressed WT C-terminal fragment of ADAP is basally and
inducibly phosphorylated.
J14.SY

cells

were
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transfected

with

vectors

encoding

either

3xFlag.TRT.ADAP-120 (full-length; left) or 3xFlag.TRT.ADAP-120.C-term (C-terminal
fragment; right). Cells were TCR-stimulated, lysed at the indicated times, and chimeras
were immunoprecipitated with a Flag antibody. The resolved proteins were transferred to
a PVDF membrane and western blotted as indicated. The protein sizes were based on a
protein ladder that was run alongside the immunoprecipitates. The relevant sizes at which
the proteins were detected are depicted to the left of each blot; sizes are in kDa. The
presented western blot is one representative of three independent experiments.
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Figure 10.41: The overexpressed WT C-terminus of ADAP destabilizes SLP-76
microclusters via its tyrosines.
(A) J14.SY cells transiently expressing the indicated C-terminal fragments of ADAP-120
were stimulated, imaged, and presented as in Figure 10.2; (ADAP-120 and C-term, n=5
experiments; C-term with Y-F mutations and vector control, n=3 experiments). Scale bars
on ‘Merge’ denote 10µm. Kymographs of cells shown (right); Scale bars denote 5 µm x
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60 s. (B) Composite kymographs depict SLP-76 microcluster properties for conditions in
(A). Hatch marks indicate the point at which half of the traced microclusters dissociated.
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Figure 10.42: Phosphorylation status at Y595 of the overexpressed C-terminal
fragments of ADAP.
J14.SY cells stably expressing full-length WT 3xFlag.TRT.ADAP-120 or overexpressing the indicated 3xFlag.TRT.ADAP-120.C-terminal fragments were stimulated,
lysed, and western blotted as indicated. The protein sizes were based on a protein ladder
that was run alongside the total lysates. The relevant sizes at which the proteins were
detected are depicted to the left of each blot; sizes are in kDa. Data are representatives of
three independent experiments. The ADAP constructs and stable cell lines used to
generate this figure were made by JBL, while the stimulations and western blots were
done by SCB and JMR.
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10.3.3. ADAP phosphorylation at Y595 does not involve hSH3 domains or the
EVHL motif
The ADAP C-terminus contains hSH3 domains that preferentially bind acidic
lipids, including phosphoinositides, and were predicted to recruit ADAP to the plasma
membrane (101). If its cognate kinase is at the membrane, then the hSH3 domains could
contribute to the phosphorylation of the ADAP C-terminus. Therefore, I assessed the
phosphorylation of Y595 in J14.SY cells that stably expressed full-length ADAP
chimeras lacking the N-, the C-, or both hSH3 domains (Figure 10.43). As expected, the
WT ADAP chimera was phosphorylated at Y595 in response to TCR stimulation.
Similarly, the chimeras with deletions of either or both hSH3 domains were also
phosphorylated at Y595 in response to TCR stimulation (Figure 10.44), indicating that
the hSH3 domains are dispensable for ADAP phosphorylation.
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Figure 10.43: Schematic of full-length ADAP chimeras lacking hSH3 domains.
The hSH3 domains in ADAP were reported to bind membrane-lipids. Given that lipid
binding regulates the subcellular localization and activity of proteins, ADAP might
require its hSH3 domains to become phosphorylated. Therefore, chimeras lacking either
the single or both hSH3 domains were created to investigate whether they contribute to
ADAP phosphorylation.
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Figure 10.44: The hSH3 domains are dispensable for ADAP phosphorylation.
J14.SY cells stably expressing the indicated 3xFlag.TRT.ADAP chimeras were TCRstimulated, lysed at the indicated time points, and western blotted as indicated. Open and
closed arrows indicate exogenous and endogenous ADAP, respectively. The protein sizes
were based on a protein ladder that was run alongside the total lysates. The relevant sizes
at which the proteins were detected are depicted to the left of each blot; sizes are in kDa.
Data are representative of three independent experiments. The human ADAP constructs
and stable cell lines used to generate this figure were made by JBL, while the
stimulations and western blots were generated by SCB and JMR.
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The ADAP C-terminus also contains an ‘FPPPP’ amino acid motif (the EVHL
motif) that was reported to interact with VASP in vitro and suspected to contribute to the
colocalization of ADAP and VASP in the leading edge of human platelets (103). Thus,
Ena/VASP proteins might contribute to ADAP phosphorylation at the leading edge. Since
the hSH3 domains are dispensable for ADAP phosphorylation, the only remaining
identified conserved motif that could contribute to the phosphorylation of the ADAP Cterminus is the EVHL motif. Therefore, I overexpressed the linker region of ADAP alone
in J14.SY cells, immunoprecipitated it from unstimulated and TCR-stimulated cells and
assessed

its

phosphorylation

(Figure

10.45).

However,

the

linker

remained

unphosphorylated when it was immunoprecipitated from both unstimulated and TCRstimulated cells, indicating that the EVHL is also dispensable for ADAP phosphorylation
(Figure 10.46). Further, the isolated linker did not impact SLP-76 microclusters (data not
shown), reaffirming that it is not phosphorylated when expressed in isolation. As these
studies indicate that the isolated C-terminus is not phosphorylated, I concluded that it was
minimally phosphorylated as a result of the overwhelmingly high overexpression levels,
which also explains the poor efficiency of its phosphorylation. Therefore, as total
expression levels compared to WT ADAP are not available in the paper, I hypothesize
that Boerth et al. drastically overexpressed the C-terminal fragment of ADAP when they
observed its associations with SLP-76. These data indicate that the ADAP N-terminus
unexpectedly contributes to phosphorylation at Y595. The absence of endogenous ADAP
phosphorylation in J14.SY cells expressing chimeras with an intact N-terminus further
supports a role for the N-terminus in controlling ADAP phosphorylation. These
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observations suggest that the N-terminus of ADAP chimeras compete with endogenous
ADAP for access to molecules that promote phosphorylation of ADAP at Y595.
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Figure 10.45: Schematic of the ADAP chimera that contains only the linker region.
The Ena/VASP homology ligand (EVHL) in ADAP is a conserved ‘FPPPP’ motif that
interacts with VASP in vitro. Since ADAP and VASP colocalized in the periphery of
platelets, interactions with VASP in T cells might recruit ADAP to the leading edge and
contribute to ADAP phosphorylation in this manner. To test this hypothesis, only the
linker region of ADAP was assayed for its ability to contribute to phosphorylation.
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Figure 10.46: The isolated ADAP linker is not tyrosine-phosphorylated in TCRstimulated cells.
J14.SY cells transiently transfected with vectors encoding the indicated 3xFlag.TRT
chimeras were stimulated and lysed at the indicated time points. The chimeras were
immunoprecipitated using the Flag antibody. Total lysates and immunoprecipitates were
resolved on gels, transferred to PVDF membranes and western blotted as indicated. Since
the 3xFlag.TRT.ADAP.linker chimera migrates just beneath the heavy chain of the
monoclonal Flag antibody (‘mAb HC’), the dotted arrow indicates the band
corresponding

to

the

mAb

HC

while

the

filled

in

arrow

indicates

the

3xFlag.TRT.ADAP.linker chimera (‘ADAP Linker’). The protein sizes were based on a
protein ladder that was run alongside the immunoprecipitates. The relevant sizes at which
the proteins were detected are depicted to the left and right of each blot; sizes are in kDa.
Data are representative of three independent experiments.
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10.3.4. Phosphorylation of the ADAP C-terminus requires the N-terminus
To confirm that gross overexpression of the C-terminus contributed to its
phosphorylation, I investigated whether the immunoprecipitated C-terminus is
phosphorylated when expressed at similar levels to the full-length ADAP chimera. To
appropriately express the C-terminal fragments at more physiological levels, decreasing
amounts of transfected constructs were performed and confirmed as similarly expressed
as the full-length WT ADAP fragment by western blot. Accordingly, when expressed at
more physiological levels, the full-length ADAP chimera was basally and inducibly
phosphorylated, while the C-terminus was neither basally nor inducibly phosphorylated
to detectable levels (Figure 10.47B). These data confirm that the C-terminal fragment is
only phosphorylated when expressed at supra-physiological levels. These observations
also explain the poor efficiency of its phosphorylation (Figures 10.40 and 10.42), and its
inability to inhibit microclusters when expressed at lower levels (Figure 10.41, top panel:
compare bottom right cell (low expressor) to centered cell (overexpressor)). Further, I
examined phosphorylation of the C-terminus in total lysates of J14.SY cells, where it was
expressed at physiological levels or supra-physiological levels. While I detected
inducible phosphorylation of both the full-length ADAP chimera and the highly
overexpressed C-terminal fragment at Y595, I could not detect phosphorylation of the Cterminus when expressed nearer to physiological levels (Figure 10.48). These results
decisively indicate that the N-terminus of ADAP is required for its phosphorylation at
Y595.
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Figure 10.47: The C-terminus is not phosphorylated when expressed at nearphysiological levels.
J14.SY

cells

were

transiently

transfected

with

either

a

vector

encoding

3xFlag.TRT.ADAP-120 alone (left) or 3xFlag.TRT.ADAP-120.C-term (right) to assess
whether the C-terminus is phosphorylated when expressed at near-physiological levels.
Transfected cells were either unstimulated or TCR-stimulated and subsequently lysed at
the indicated time point. ADAP chimeras were immunoprecipitated from cells using a
Flag antibody. Immunoprecipitates were resolved on gels and transferred to PVDF
membranes that were western blotted as indicated. The protein sizes were based on a
protein ladder that was run alongside the immunoprecipitates. The relevant sizes at which
the proteins were detected are depicted to the left and right sides of each blot; sizes are in
kDa. Data are representative of three independent experiments.
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Figure 10.48: The ADAP N-terminus governs phosphorylation at Y595.
J14.SY cells stably expressing the indicated 3xFlag.TRT chimeras were stimulated and
lysed at the indicated time points. Lysates were resolved and transferred to PVDF
membranes and western blotted as indicated. Open and closed arrows indicate exogenous
and endogenous ADAP, respectively. The protein sizes were based on a protein ladder
that was run alongside the total lysates. The relevant sizes at which the proteins were
detected are depicted to the left of each blot; sizes are in kDa. Data are representative of
three independent experiments. The human ADAP constructs and stable cell lines used to
generate this figure were made by JBL, while the stimulations and western blots were
generated by SCB and JMR.
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10.3.5. The basal phosphorylation of ADAP is PTEN-independent
Pleckstrin homology (PH) domains bind phosphorylated phosphatidylinositides
(PI) at the plasma membrane as a reversible means to initiate downstream intracellular
signaling. In the Jurkat cell line, the absence of the 3’ lipid phosphatase PTEN
contributes to elevated basal levels of PI (3,4,5) triphosphate (PIP3) and (3,4)
bisphosphate (PIP2), and leads to unregulated plasma membrane recruitment of many
signaling proteins (46-48). Although I did not observe ADAP at the plasma membrane,
ADAP is always basally phosphorylated in Jurkat T cells and consequently interacts with
SLP-76 in the absence of TCR-stimulation (23, 106). As ADAP was predicted to be
recruited to the plasma membrane and there become phosphorylated (101), ADAP
phosphorylation might be facilitated by a protein with a PH domain. Accordingly, the Nterminus of ADAP binds SKAP55, which contains a PH domain and is also
phosphorylated in resting Jurkat T cells. Therefore, I examined whether PIP3 contributes
to the basal phosphorylation of ADAP.
To this end, I expressed full-length WT ADAP chimeras in JDAP cells, and
additionally co-expressed either WT PTEN (PTEN.WT) or a PTEN mutant that is
enzymatically inactive (PTEN.C/S). In unstimulated cells, I observed basal ADAP
phosphorylation, which remained unchanged in the presence of PTEN.WT and
PTEN.C/S (Figure 10.49). These results suggest that PIP3 does not contribute to ADAP
phosphorylation.
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Figure 10.49: Basal phosphorylation of ADAP is PTEN-independent.
JDAP cells were transiently transfected with a vector encoding 3xFlag.mCFP.ADAP-120
alone (left) or co-transfected with vectors encoding either PTEN.WT (middle) or
PTEN.C/S (phosphatase-inactive; right) to assess the potential role for PIP3 (3,4,5) in the
basal ADAP phosphorylation. Transfected cells were either unstimulated or TCRstimulated and subsequently lysed at the indicated time points. ADAP chimeras were
immunoprecipitated from cells using an antibody that detects mCFP (‘IP: ab290
(mCFP)’). Immunoprecipitates (top two rows) and whole cell lysates (bottom row) were
resolved on gels and transferred to PVDF membranes that were western blotted as
indicated. The protein sizes were based on a protein ladder that was run alongside the
immunoprecipitates and total lysates. The relevant sizes at which the proteins were
detected are depicted to the left of each blot; sizes are in kDa.
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10.3.6. Full-length ADAP tyrosine mutants impair microclusters
These studies suggest previously unappreciated roles for the ADAP N-terminus in
controlling both the phosphorylation of ADAP and its recruitment to SLP-76
microclusters. Therefore, I sought to confirm that the ADAP N-terminus stabilizes SLP76 microclusters. Although overexpressing full-length ADAP does not impair
microcluster stability (Table 4), the overexpressed Y595F and the 2YF full-length
mutants should destabilize microclusters by sequestering associated N-terminal proteins
away from SLP-76. To test this hypothesis, J14.SY cells were transfected with full-length
ADAP-120 chimeras that are WT or bear mutations at either a single SLP-76-docking
tyrosine (ADAP-120.Y595F) or both SLP-76-docking tyrosines (2YF).
As expected, WT ADAP chimeras entered SLP-76 microclusters and the
lamellipodia without impairing SLP-76 microcluster dynamics (Figure 10.50, top panel;
Table 4). By contrast, the ADAP Y595F mutant weakly entered SLP-76 microclusters
and dramatically impaired microcluster persistence and movement, as well as the
stoichiometry of SLP-76 that clustered (Figures 10.50, middle panel, and 10.51; Table 4).
The ADAP 2YF mutant did not enter microclusters at all and even more potently
suppressed their dynamics (Figure 10.50 bottom panel, 10.51; Table 4). In addition, both
ADAP mutant chimeras entered the lamellipodia, which confirms that tyrosine
phosphorylation is not required for ADAP to localize to lamellipodia. These data indicate
that while the tyrosines are critical for interacting with SLP-76, other regions of ADAP
must contribute to microcluster stability, as the expression of these SLP-76 non-binding
mutants appears to sequester stabilizing components away from the complex. Since the
ADAP C-terminal fragment, unlike the full-length mutants, disrupted microclusters only
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when containing phosphorylatable tyrosines, the N-terminus is the most likely region that
associates with these microcluster-stabilizing proteins.
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Figure 10.50: Overexpressed ADAP tyrosine mutants destabilize SLP-76
microclusters.
(A) J14.SY cells transiently transfected with vectors encoding the indicated
3xFlag.TRT.ADAP-120 chimeras were stimulated, imaged, and presented as in Figure
10.2 (n=4 experiments). Scale bars on ‘Merge’ denote 10µm. Kymographs of cells shown
(right); Scale bars denote 5 µm x 60 s. (B) Composite kymographs depict SLP-76
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microcluster properties for conditions shown in (A). Hatch marks indicate the point at
which half of the traced microclusters dissociated. (C) Corresponding whole cell lysates
of cells imaged in (A) were western blotted as indicated. The protein sizes were based on
a protein ladder that was run alongside the total lysates. The relevant sizes at which the
proteins were detected are depicted to the right of each blot; sizes are in kDa.
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Figure 10.51: Overexpressed ADAP tyrosine mutants impair SLP-76 microcluster
dynamics.
(A-D) The overexpressed ADAP tyrosine mutants impaired the indicated dynamics of
SLP-76 microclusters, as is also tabulated in Figure 10.2; (n = 4 experiments). Error bars
show SEM; p-values indicate significant differences from J14.SY cells expressing
3xFlag.TRT.ADAP.WT (Student's t-test: *, p < 0.05; ** p < 0.01).
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10.3.7. Full-length ADAP chimeras lessen endogenous ADAP phosphorylation
When I examined full-length ADAP chimeras for phosphorylation at Y595, I
noticed lower endogenous ADAP phosphorylation levels in cells expressing full-length
ADAP chimeras, compared to untransfected J14.SY cells or those transfected with Cterminal fragments. These observations suggest that the N-terminus competes for access
to a limiting upstream niche where ADAP is phosphorylated. Therefore, I examined this
possibility by comparing parental J14.SY cells to those expressing either ADAP WT or
2YF full-length chimeras, blotted for endogenous ADAP and pY595, and confirmed that
the full-length ADAP chimeras impaired phosphorylation of endogenous ADAP (Figure
10.52). This observation demonstrates that the full-length ADAP 2YF and Y595F
chimeras that impaired microcluster stability also prevented endogenous ADAP from
being phosphorylated. Therefore, one mechanism that contributes to their dominantnegative activity could be their ability to sequester limiting factors required for the
phosphorylation of endogenous ADAP.
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J14.SY cells were stably transduced with lentiviruses encoding either wild type (WT) or
2YF (Y595F/Y651F) 3xFlag.TRT.ADAP-120. Parental (no ADAP) and transduced cells
were TCR-stimulated for the indicated times. Total lysates were western blotted as
indicated. Open and closed arrows indicate exogenous and endogenous ADAP,
respectively. The protein sizes were based on a protein ladder that was run alongside the
total lysates. The relevant sizes at which the proteins were detected are depicted to the
left of each blot; sizes are in kDa. Western blots are representative of three independent
experiments.
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10.3.8. Regions of the ADAP N-terminus are highly conserved
The ADAP N-terminus directs ADAP phosphorylation, the SLP-76-association,
and SLP-76 microcluster stability. However, the molecular interactions of the N-terminus
are largely unknown. Therefore, I used evolution as a guide to investigate whether
distinct

regions

specifically

contribute

to

microcluster

stability

or

ADAP

phosphorylation.
The best-characterized region of the ADAP N-terminus is a proline-rich motif that
is a binding site for the SH3 domain of the Src kinase-associated phosphoprotein of
55kDa (SKAP55). This region was originally identified within AH4-5. Since the ADAP
homologue PRAM1 binds SKAP55, possesses an AH4, but lacks an AH5 motif, I
predicted that the AH4 is restricted to SKAP55-interactions (Figure 10.53) (29, 149). As
the AH4 motif is conserved in all ADAP orthologs and paralogs, many T cell functions
attributed to ADAP are likely regulated by SKAP55 binding. However, SKAP55 is
destabilized by the absence of ADAP, suggesting that SKAP55 largely depends on
ADAP for its functions (113). By contrast, 70% of the total expressed ADAP molecules
in T cells are associated with SKAP55, and the remaining 30% are SKAP55-independent
(113), indicating that ADAP does not rely on SKAP55 for either its stability or all of its
functions. Together, ADAP and SKAP55 promote TCR-mediated integrin activation. The
ability of ADAP to augment conjugation via integrins is attributable to direct interactions
with SKAP55 (24, 59, 113, 150). By contrast, SKAP55-indpendent roles of ADAP
include promoting the activation of NFκB (35, 36). Since SKAP55 has a conserved
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Figure 10.53: Conserved regions of ADAP orthologs and paralogs.
The ADAP family is well conserved. Alternative splicing of mRNA results in the
production of two isoforms of ADAP that are 120 kDa and 130kDa. Within the ADAP Nterminus, both isoforms are completely identical. ADAP is more distantly related to
PRAM and CAH73130; the latter has not yet been characterized. The conserved regions
of these proteins share similar splice boundaries with ADAP, and therefore are ADAP
paralogs.
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‘YEVL’ Src kinase SH2-binding motif, binds Fyn, and the SKAP55 homologue binds
Pyk2, it could contribute to TCR-dependent phosphorylation of ADAP by linking ADAP
to its kinase (29, 146, 148, 150). Thus, SKAP55 is a possible contributor to ADAP
phosphorylation and microcluster stability.
The neighboring downstream proline-rich region, the AH5, is the second most
conserved region that consists of three repeats of unknown function. Although the AH5 is
observed in ADAP family members, it is absent from ADAP paralogs. The AH5 motif
has a conserved ‘SLPPPPP’ sequence that is found in the SH2 domain-containing protein
SH2B1β, a regulator of the cytoskeleton that cross links actin filaments and is curiously
found at the tip of filopodia with VASP. This ‘LPPPPP’ motif is also a ligand for Ena
(151). Thus, based on its conservation, the substantial similarities to SH2B1, and the
potential to interact with either VASP or Ena in filopodia or at the leading edge, I
postulated that this region also contributes to ADAP-mediated microcluster stability
and/or ADAP phosphorylation.
The greatest divergence between ADAP and its paralogs is observed in the AH 13 motifs in the N-terminus (Figure 10.53, Figure 10.54). The SH3 domain of the actin
binding protein Abp1/HIP55/DBNL interacts with this region, providing a possible link
to the cytoskeleton (98). Within the AH2 are seven copies of a ‘KP’ di-peptide motif,
which I predict is the region to which HIP55 binds. The flanking regions of the AH2 are
referred to as the AH1 and AH3, respectively from the N- to C-termini. Given its
conservation, I postulated that the AH2 is functional in T cells and, through interactions
with HIP55, regulates actin-dependent associations, such as the recruitment to
lamellipodia and clustering alongside the TCR. In support of this model, the AH1-3 has
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been associated with F-actin in mouse macrophages. As reports from our lab have
implicated actin in microcluster stability and centralization, I postulated that the AH2
might contribute to actin-dependent microcluster movement (77, 84). While the
interaction between HIP55 and ADAP has not yet been shown in human T cells, it is
similar to ADAP in that it regulates T cell proliferation, cytokine production, and surface
expression of activation markers (152). Thus, their association might also contribute to
microcluster stability. Finally, the AH1 and AH3 are the least conserved regions in the
ADAP N-terminus, with AH1 slightly more conserved than AH2. I postulated that these
regions are dispensable for the TCR-induced localizations of ADAP at the immune
synapse, as I could not find any sequences with meaningful similarities to other proteins.
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Figure 10.54: Degrees of conservation among ADAP features.
Many features of ADAP are highly conserved. I used evolution as a guide to assess
whether distinct regions in the ADAP N-terminus contribute to ADAP phosphorylation
and SLP-76 microcluster stability.
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10.3.9. The overexpressed ADAP N-terminus impairs SLP-76 microclusters
Since the ADAP N-terminus does not directly interact with SLP-76, I predicted
that the overexpression of this fragment would impair microcluster movement and
persistence by interfering with links to the actin cytoskeleton through associations with
HIP55 (Figure 10.55). I transiently transfected a 3xFlag.TRT.N-terminus chimera in
J14.SY cells, which resulted in various N-term chimera expression levels. In general,
dominant negative effects are exerted by high over expression, as was the case with the
C-terminus. However, when expressed at lower levels, the ADAP N-terminus entered
both the lamellipodia and SLP-76 microclusters, and potently impaired microcluster
centralization, indicating that it is a potent antagonist of stable microclusters (Figure
10.56, middle panel). When expressed at higher levels, the ADAP N-terminus entered
only the lamellipodia and also impaired microcluster centralization (Figure 10.56, bottom
panel). By contrast, the N-terminus did not severely impair microcluster persistence,
compared to when ADAP was either knocked down or mutated at the SLP-76-interacting
tyrosines. This suggests that microcluster persistence relies more heavily on direct
interactions between SLP-76 and ADAP than the lamellipodial localization of ADAP.
Nevertheless, molecular interactions at the lamellipodia clearly influence microcluster
centralization.
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Figure 10.55: Schematic of the ADAP N-terminus and its conserved AH motifs.
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Figure 10.56: The N-terminus enters the lamellipodia and impairs SLP-76
microcluster stability.
(A) J14.SY cells transiently expressing the indicated WT and N-terminal fragments of
ADAP-120 were stimulated, imaged and presented as in Figure 10.2; (n=4 experiments).
Scale bars on ‘Merge’ denote 10µm. Kymographs of cells shown (right); Scale bars
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denote 5 µm x 60 s. (B) Composite kymographs depict SLP-76 microcluster properties
for conditions in (A). Hatch marks indicate the point at which half of the traced
microclusters dissociated. (C) Corresponding total lysates of cells imaged in (A) were
lysed and western blotted as indicated. The protein sizes were based on a protein ladder
that was run alongside the total lysates. The relevant sizes at which the proteins were
detected are: WT: ~150 kDa; N-term: ~75 kDa; TRT: ~37 kDa; γTubulin: ~48 kDa).
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As observed with prior ADAP mutants that disrupted microcluster stability, the
overexpressed N-terminus also compromised microcluster cohesion (Figure 10.57).
Although the N-terminus contains three tyrosines (Y4, Y387, and Y461), it was not
detectably phosphorylated, indicating that tyrosine phosphorylation does not contribute to
its dominant-negative effects on microcluster inward movement (Figure 10.58). As
expected, the overexpressed ADAP N-terminus captured a 42-kDa phosphoprotein that
was identified in other assays as SKAP55 (Figure 10.58). Thus, the manner in which the
N-terminus disrupts SLP-76 microclusters is due to tyrosine phosphorylation-independent
interactions that might involve SKAP55, HIP55, or other unknown proteins that interact
with the N-terminus.

218

Std. Dev. of Intensity Over Time

J14.SY
N-term

J14.SY
ADAP-120.WT

Still Frames

Towards Center of Cell

Figure 10.57: The ADAP N-terminus potently impairs microcluster cohesion.
Representative regions of J14.SY cells transiently transfected with vectors encoding the
Full-length WT ADAP (upper) and the N-term (lower) chimeras illustrate SLP-76
microcluster cohesion. Images were prepared as in Figure 10.10. Scale bars denote 1µm.
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Figure 10.58: The overexpressed N-terminus is not phosphorylated and captures
SKAP55.
J14.SY

cells

were

transiently

transfected

with

either

a

vector

encoding

3xFlag.TRT.ADAP-120 alone (left) or 3xFlag.TRT.ADAP-120.N-term (right) to assess
whether the overexpressed N-terminus is tyrosine-phosphorylated. Transfected cells were
either unstimulated or TCR-stimulated and subsequently lysed at the indicated time point.
ADAP chimeras were immunoprecipitated from cells using a Flag antibody.
Immunoprecipitates were resolved on gels and transferred to PVDF membranes that were
western blotted as indicated. Although a SKAP55 western blot was not performed in this
experiment, other experiments confirmed that the band beneath the antibody heavy chain
is SKAP55. The protein sizes were based on a protein ladder that was run alongside the
immunoprecipitates. The relevant sizes at which the proteins were detected are depicted
to the right and left of each blot; sizes are in kDa.
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10.3.10. Multiple AH motifs direct microcluster cohesion and movement
As the best conserved motif in ADAP, the AH4 binds the SH3 domain of
SKAP55, which contributes to the functions of ADAP in TCR-induced integrin activation
(59). In addition to binding the SKAP55 SH3 domain, the AH4 might also bind other
proteins that have not yet been identified. To evaluate whether the AH4 motif contributes
to microcluster centralization, I examined SLP-76 microcluster behavior in J14.SY cells
expressing a mutant of ADAP that lacks this region (ADAP∆AH4) (Figure 10.59A).
SLP-76 microclusters formed and centralized in the presence of the WT ADAP chimera
downstream of the TCR, as per normal. Similarly, the ADAP∆AH4 mutant entered
microclusters and the lamellipodial recruitment of ADAP. However, in the presence of
the ADAP∆AH4 mutant, SLP-76 microclusters moved inward only while associated with
the lamellipodia, after which most failed to centralize, persist, or accumulate at the center
of the immune synapse (Figure 10.60, compare kymographs). Despite these effects of the
ADAP∆AH4 mutant on SLP-76 microclusters, their cohesion was relatively normal
(Figure 61). These data indicate that the AH4 partially contributes to the inward
movement of SLP-76 microclusters and is essential for their central accumulation.
Moreover, these data indicate that SLP-76 microclusters have at least two modes of
centralization, as has been previously described for TCR microclusters (94, 95, 153).
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Figure 10.59: Schematic of ADAP∆AH4 and ADAP∆1-4 mutants.
Since the data suggest that N-terminal associations contribute to the stability that ADAP
contributes to SLP-76 microclusters, I generated two mutants of ADAP lacking specific
regions in the N-terminus. The first, the ADAP∆AH4 lacks a proline-rich region that
interacts with SKAP55 (AH4). The second, the ADAP∆AH1-4 lacks the AH4 and
additionally the AH1-3, which was reported to interact with the actin binding protein,
HIP55, in mouse macrophages.
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Figure 10.60: The AH4 contributes to SLP-76 microcluster stability and central
accumulation.
(A) J14.SY cells transiently expressing the indicated 3x.Flag.TRT.ADAP-120 chimeras
were stimulated, imaged, and presented as in Figure 10.2; (n=4 experiments). For J14.SY
cells expressing WT ADAP chimeras, all panels are the cumulative movement over time
(MOT) plots. For J14.SY cells expressing ADAP∆AH4 chimeras, the ADAP and SLP-76
images are stills to emphasize that the AH4 motif is not required for ADAP to cluster;
and only the Merge is an MOT plot. Scale bars on the ‘Merge’ images denote 10µm.
Kymographs of cells shown (right); Scale bars denote 5 µm x 60 s. (B) Composite
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kymographs depict SLP-76 microcluster properties for conditions in (A). Hatch marks
indicate the point at which half of the traced microclusters dissociated. (C)
Corresponding total lysates of cells imaged in (A) were lysed and western blotted as
indicated. The protein sizes were based on a protein ladder that was run alongside the
total lysates. The relevant sizes at which the proteins were detected are: WT: ~150 kDa;
∆AH4: ~140 kDa; TRT: ~37 kDa; γTubulin: ~48 kDa).
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Figure 10.61: The AH4 motif does not contribute to microcluster cohesion.
Representative regions of J14.SY cells transiently transfected with vectors encoding the
Full-length WT ADAP (upper) and ADAP∆AH4 (lower) chimeras illustrate SLP-76
microcluster cohesion. Images were prepared as in Figure 10.10. Scale bars denote 1µm.
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Since the AH1-3 was reported to interact with HIP55 (98), I postulated that
interactions with actin-binding proteins in the lamellipodia contributed to the
microcluster and lamellipodial localization of the ADAP∆AH4 mutant. To assess
whether the AH1-3 region contributed to the ability of the ADAP∆AH4 mutant to enter
microclusters that moved in the lamellipodia, I overexpressed a mutant of ADAP that
lacked the AH1-4 motifs (ADAP∆1-4) in J14.SY cells (Figure 10.59B). Both the ADAP
∆AH4 and ∆1-4 mutants impaired SLP-76 microcluster persistence to a similar extent as
the overexpressed N-terminus (Figures 10.60B and 10.62B, note hatch marks),
confirming the minimal contribution of the ADAP N-terminus to microcluster
persistence. However, the overexpressed ADAP ∆AH1-4 mutant did not enter either
SLP-76 microclusters or lamellipodia, and prevented both microcluster movement and
cohesion (Figures 10.62 and 10.63). These results imply that the AH1-3 motif
independently, or in conjunction with the AH4, promotes the ability of ADAP to cluster.
Further, the AH1-3 contributes to the lamellipodial localization of ADAP, the peripheral
movement of microclusters, and microcluster cohesion.
Although the ADAP∆AH1-4 mutant is the C-terminal fragment including the
AH5 motif, it less severely impaired microcluster centralization and persistence when
compared to the overexpressed C-terminus. These data suggest a role for the AH5 in
microclusters. Thus, the ADAP N-terminus contains multiple regions that differentially
contribute to the cohesion, movement, and central accumulation of SLP-76 microclusters.
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Figure 10.62: The AH1-3 supports entry into SLP-76 microclusters and also their
peripheral movement.
(A) J14.SY cells transiently expressing the 3x.TRT.ADAP-120∆AH1-4 chimera were
stimulated and imaged as in Figure 10.2 and presented as in Figure 10.58; (n=3
experiments). Scale bar on ‘Merge’ denotes 10µm. (B) Composite kymographs depict
SLP-76 microcluster movement for imaged conditions in (A). Hatch marks indicate the
point at which half of the traced microclusters dissociated. (C) Kymographs of SLP-76
microclusters in the presence of the indicated ADAP-120 mutants. Kymograph scale bars
denote 5 µm x 60 s. (D) Corresponding lysates of cells imaged for conditions in (A).
Although no loading control is shown, the ‘WT’ and ‘-’ conditions are the same as those
in Figure 10.53C. The ∆AH1-4 construct was titrated to match protein expression of both
‘WT’ and ‘-’.
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Figure 10.63: The AH1-4 contributes to SLP-76 microcluster cohesion.
Representative regions of J14.SY cells transiently transfected with vectors encoding the
Full-length WT ADAP (upper) and ADAP∆AH1-4 (lower) chimeras illustrate SLP-76
microcluster cohesion. Images were prepared as in Figure 10.10. Scale bars denote 1µm.

228

10.3.11. The AH1-4 motifs regulate phosphorylation at Y595
As the AH1-3 and the AH4 contributed to microcluster cohesion and
centralization, they might also be required for ADAP phosphorylation. To investigate this
possibility, stable cell lines expressing TRT.ADAP ∆AH1-3, ∆AH1-4, ∆AH4, and ∆AH5
chimeras were generated by lentivirally infecting J14.SY cells (Figure 10.62). To
accurately assess the contribution of the N-terminus to ADAP phosphorylation, J14.SY
cells were sorted so that the expression level of the chimeras and endogenous ADAP
were comparable (Figure 10.63, bottom panels). In whole cell lysates from the
corresponding TCR-stimulated J14.SY/TRT.ADAP cell lines, both the WT and
ADAP∆AH5 chimeras were equally phosphorylated, indicating that the AH5 motif is
dispensable for ADAP phosphorylation. By comparison, the ADAP∆AH4 and ADAP∆13 chimeras displayed reduced phosphorylation, and the ADAP∆1-4 chimera was not
phosphorylated at all. These data indicate that the AH4 and the AH1-3 motifs contribute
to the TCR-induced phosphorylation of Y595 (Figure 10.63, open arrows).
The extent to which each chimera was phosphorylated at Y595 inversely
correlated with the phosphorylation of endogenous ADAP (Figure 10.63, closed arrow).
The inducibly phosphorylated WT and ∆AH5 chimeras potently suppressed endogenous
ADAP phosphorylation. While the ∆1-3 chimera was slightly phosphorylated, it was
more phosphorylated than the ∆AH4 chimera and damped endogenous ADAP
phosphorylation more than the ∆AH4 chimera. Finally, the unphosphorylated ∆1-4
chimera did not impair the phosphorylation of endogenous ADAP at all. Together, these
observations confirm that the AH1-4 motifs govern phosphorylation at Y595, and
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indicate that the ability of the ADAP chimeras to compete with endogenous ADAP for
access to its kinase(s) relies on the AH1-4 motifs.
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Figure 10.64: Schematic of ADAP chimeras lacking N-terminal AH regions.
In Chapter 2, I established that there was a correlation between phosphorylation of ADAP
chimeras and their entry into SLP-76 microclusters. Elimination of different motifs in the
ADAP N-terminus impaired the ability of ADAP to enter SLP-76 microclusters and SLP76 microcluster persistence and movement when overexpressed, I assessed the
phosphorylation of these chimeras at Y595. Although the ADAP∆AH5 mutant was
neither overexpressed nor imaged, it appeared to impair SLP-76 microclusters. Therefore,
the ADAP∆AH5 chimera was assessed in phosphorylation assays as well.
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Figure 10.65: AH motifs differentially contribute to TCR-induced ADAP
phosphorylation at Y595.
J14.SY cells stably expressing the indicated 3xFlag.TRT chimeras were stimulated and
lysed at the indicated time points. Lysates were resolved and transferred to PVDF
membranes and western blotted as indicated. Open and closed arrows indicate exogenous
and endogenous ADAP, respectively. Data are representative of three independent
experiments.
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10.3.12. SKAP55 contributes to ADAP phosphorylation
ADAP phosphorylation largely required the AH4 motif, implying that it binds a
protein that contributes to its phosphorylation. Currently, only SKAP55 is known to bind
the AH4 motif, suggesting that it contributes to ADAP phosphorylation. To directly
assess whether SKAP55 contributes to ADAP phosphorylation, WT ADAP chimeras
were immunoprecipitated from unstimulated and TCR-stimulated J14.SY cells
expressing a SKAP55 hairpin (Figure 10.64). In the absence of SKAP55 ADAP
phosphorylation was detectable but low, while reconstitution with the SKAP55 chimera
induced ADAP phosphorylation. Also, the amount of ADAP captured upon reconstitution
with SKAP55 drastically diminished, implying that associations with SKAP55 alter the
accessibility of ADAP. Thus, interactions with SKAP55 contribute to ADAP
phosphorylation and the diminished phosphorylation of ADAP∆AH4 was at least
partially due to the detachment from SKAP55.
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Figure 10.66: SKAP55 contributes to TCR-induced ADAP phosphorylation.
J14.SY cells were infected with viruses containing a SKAP55-specific hairpin that
contained a puromycin-resistant cassette (JSKAP.SY cells). Cells were confirmed for
knock down of SKAP55 and subsequently either transiently transfected with either a
vector

encoding

3xFlag.TRT.ADAP-120

alone

(left)

or

co-transfected

with

3xFlag.TRT.ADAP-120 and TRT.SKAP55 (middle). As a negative control for capture of
a p150 protein (the size of the ADAP.WT chimera), 3xFlag.TRT control vector (right)
was also transiently transfected into JSKAP.SY cells. Transfected cells were either
unstimulated or TCR-stimulated and subsequently lysed at the indicated time points.
ADAP chimeras were immunoprecipitated from cells using a Flag antibody.
Immunoprecipitates were resolved on gels and transferred to PVDF membranes that were
western blotted as indicated.
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10.3.13. Fyn could phosphorylate ADAP in lamellipodia
ADAP was initially cloned as a Fyn-binding protein through an association with
the Fyn SH2 domain (154). In later studies, ADAP phosphorylation was examined in
primary T cells from fyn-/- mice, where it depended on Fyn activity to a large extent
(106). Although ZAP-70 and Lck are TCR-associated kinases that could potentially also
phosphorylate ADAP, they were largely eliminated as contenders when only Fyn
phosphorylated ADAP in co-transfected COS cells (34). The mass spectrometry studies
that investigate ADAP phosphorylation in vitro using Fyn further corroborate a role for
this kinase in ADAP phosphorylation (104, 107). Since the work here implies that ADAP
phosphorylation occurs in the lamellipodia, I examined the subcellular localization of Fyn
at the immune synapses of E6 Jurkat T cells and in J14.SY cells.
In TCR-stimulated E6 Jurkat T cells, Fyn.mCherry was observed in the
lamellipodia and in vesicular compartments, but was not observed with TCR
microclusters, which are depicted by ZAP-70.YFP expression (Figure 10.67). Similarly,
in J14.SY cells, Fyn was lamellipodial and vesicular, but did not enter SLP-76
microclusters (data not shown). In J14 cells, Fyn.mCherry entered the unstable
lamellipodia and also entered the vesicular compartment, confirming that the existence of
the vesicular compartment is independent of SLP-76 expression (data not shown). These
data indicate that although Fyn associates with the TCR complex in biochemical assays
(155-158), it does not reside in receptor-induced microclusters, and suggest that it
augments TCR-dependent signals via its kinase activity, rather than by any scaffolding
functions. Fyn may also augment TCR-dependent signals in the lamellipodia by
phosphorylating a number of proteins, including ADAP.
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Figure 10.67: The Src kinase, Fyn, localizes to lamellipodia.
The Src kinase, Fyn, is lamellipodial and vesicular, and does not enter TCR
microclusters. Jurkat T (E6.1) cells were co-transfected with vectors encoding
Fyn.mCherry (red) and ZAP-70.mYFP (green). These cells were stimulated and imaged
as in Figure 10.2; (n=1 experiment).
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10.3.14. Chapter 3 Summary
Despite the sequence conservation of ADAP we lack an appreciation for how its
domains and regions promote ADAP phosphorylation and stable SLP-76 microclusters.
Prior predictions included that membrane recruitment of ADAP, which might assist in its
phosphorylation, relies on its hSH3 domains, while the EVHL motif participates in its
association with the actin cytoskeleton (98, 101). However, these predictions have not yet
been assessed in T cells. While SKAP55 does not contribute to the ADAP-dependent
recruitment of WASP to SLP-76 microclusters (32), as an adaptor it could contribute to
their stability or link ADAP to its kinase (146, 150). Also, the AH4 motif and other
regions in the N-terminus could contribute to microcluster stability and ADAP
phosphorylation.
The data in Chapter 3 indicate that the ADAP C-terminus specifically contributes
the SLP-76-docking tyrosines, while the N-terminus directs their phosphorylation and
stable associations with SLP-76. The N-terminus further contributes to microcluster
cohesion and inward movement, with the AH1-3 contributing to lamellipodial-based
movement and the AH4 contributing to the central accumulation of microclusters. The Nterminus effectively competes with endogenous ADAP for access to its kinase, which
indicates that its phosphorylation-related resources are limiting. ADAP phosphorylation
likely occurs in the lamellipodia, to which the Fyn kinase also recruits, and does not
require its hSH3 domains, the C-terminal EVHL motif, the AH5 motif or membranerecruitment through PIP3. These data refine our understanding of the working parts of
ADAP, and indicate that interactions with SLP-76 are multivalent, requiring both Y595
and Y651, and specific proline-rich regions in the N-terminus.
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10.3.15. Chapter 3 Discussion
ADAP phosphorylation requires N-terminal interactions and occurs in
lamellipodia
Multiple observations indicate that ADAP phosphorylation depends on the Nterminus, and suggest that it is phosphorylated in the lamellipodia. First, all ADAP
chimeras that contain an N-terminus enter the lamellipodia and compete with endogenous
ADAP for access to the resources that direct its phosphorylation. This competition is best
observed in western blots, where endogenous ADAP phosphorylation is dampened or
inhibited in cells expressing chimeras that contain an intact N-terminus. Second, the
ADAP∆AH1-4 chimera lacks motifs in the N-terminus that direct its phosphorylation at
Y595, does not impair endogenous ADAP phosphorylation, does not enter lamellipodia,
and is not phosphorylated. Third, the C-terminal fragment of ADAP does not contain any
overlapping regions with the N-terminus and is not phosphorylated when expressed at
physiological levels, does not enter the lamellipodia, and does not impair the
phosphorylation of endogenous ADAP. Next, all regions in the ADAP C-terminus that
might direct interactions with other proteins are dispensable for its phosphorylation,
indicating that the C-terminus harbors the relevant phosphorylation sites but does not
support ADAP phosphorylation. Finally, although the linker region of ADAP is not
phosphorylated when it is overexpressed in isolation, it is phosphorylated at similar levels
as full-length WT ADAP only when it is expressed in conjunction with an intact Nterminus. This N-terminus-linker chimera (ADAP∆hSH3) also potently impairs the
phosphorylation of endogenous ADAP. Interestingly, the apparent inward movement of
actin, also known as actin treadmilling, is generated by a balance of F-actin growth and
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disassembly on opposing ends and is limited by the availability of G-actin monomers.
Therefore, if ADAP phosphorylation at Y595 occurs in lamellipodia, it makes sense that
its ability to access its kinase is limited. In a similar vein, Fyn has been strongly
implicated in ADAP phosphorylation (20, 34, 104, 107, 154), and clearly localizes to the
lamellipodia. Although these observations of Fyn localization are merely suggestive, it is
positioned to contribute to ADAP phosphorylation in the lamellipodia. Therefore, it
would be interesting to test whether an overexpressed kinase-inactive Fyn in vivo would
similarly impair ADAP phosphorylation at Y595.

ADAP phosphorylation depends on multiple kinases
ADAP phosphorylation might require two independent kinases that associate with
its N-terminus, or regions within the N-terminus might be redundant for phosphorylation
at Y595. Elimination of the AH4 motif alone reduced phosphorylation at Y595 more
appreciably than the elimination of the AH1-3 motifs. These data suggest a stronger
contribution of the AH4 for the phosphorylation of Y595 compared to the AH1-3 motifs.
However, the removal of the AH1-4 motifs completely abolished all detectable
phosphorylation at Y595, indicating that each region makes an important contribution to
ADAP phosphorylation. While a kinase might directly interact with this proline-rich
region, only HIP55 and SKAP55 are known to interact with the ADAP N-terminus (29,
98). Interestingly, the SH3 domain of the SKAP55 homologue binds a proline rich
sequence in Pyk2 that is strikingly similar to the AH4 motif (29, 146, 148). Although
SKAP55 does not interact with Fyn in Jurkat T cells (107, 146), the kinase activity of
Pyk2 can be regulated by Fyn (146). Therefore, SKAP55 might contribute to ADAP
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phosphorylation through associations with Pyk2 or the related kinase FAK, since the data
here clearly show that SKAP55 contributes to ADAP phosphorylation. In a
phosphorylation-dependent manner, Src kinase regulates the interaction between HIP55
and actin, which promotes the cytoskeletal rearrangements required for the rosette
formation of podosomes (120). This clue loosely suggests that associations with HIP55
could link Src to Y595 in the lamellipodia. Naturally, other unknown interactions could
also contribute to ADAP phosphorylation.

ADAP is a component of the actin cytoskeleton in T cells
As a consequence of antigen recognition, immunological synapses form and
enhance T cell signaling by promoting localized receptor triggering. However, the
mechanism underlying initial antigen scanning by T cells on APCs is not well
understood. Filopodial projections and invadosome-like protrusions enhance antigen
recognition by assembling TCR and SLP-76 microclusters at the tips of these cytoskeletal
features (159). Here, ADAP clearly enters cytoskeletal structures such as filopodia of
landing cells and lamellipodia of growing and mature synapses. Therefore,, ADAP might
contribute to antigen detection by ensuring that TCRs are at the tips of filopodial
extensions. In mature synapses, ADAP might contribute to sustained T cell signaling by
stabilizing SLP-76 microcluster components so that they can effectively transduce signals
that enhance T cell activation.
The Ena/VASP family proteins are involved in filopodial formation and localize
to the lamellipodia and to focal adhesions. Since I observed ADAP in similar features,
Ena/VASP proteins might recruit ADAP through the EVHL motif to facilitate optimal
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antigen detection as a filopodial component, sustain TCR-based signals originating in the
lamellipodia, and maintain T cell contacts by stabilizing SLP-76 microclusters. At the
immune synapse, Ena/VASP-binding proteins, ADAP, and WASP form a complex that is
important for cytoskeletal remodeling (103). Therefore, ADAP may also play an integral
role in the integrity of these focal adhesion-like structures. These structures could also be
where WASP is localized prior to its entry into SLP-76 microclusters.

ADAP contributes to different modes of microcluster centralization
The modes of microcluster centralization are of high interest in the signaling field
and are thought to include retrograde actin flow and actin-myosin contractions in the
peripheral and the more central regions of the immune synapse, respectively (84, 94,
153). The ADAP mutant with the AH4 motif deleted fortuitously shed some light into
two possible different means by which ADAP contributes to microcluster centralization.
The elimination of the AH4 region supported microcluster movement in the periphery of
the contact, along lamellipodia, alluding to intact associations with actin. However,
microclusters could not move beyond this point, indicating that other cytoskeletal
attachments were impaired, most likely those with myosin. Therefore, ADAP could drive
the peripheral movement of microclusters along actin treadmills through interactions with
HIP55. Alternately, the peripheral movement of microclusters might not be a result of
ADAP-dependent links to actin, but rather ADAP might contribute to microcluster
stability in the periphery, which permits complexes to move inward.
While the AH4 does not contribute significantly to microcluster movement at the
periphery of the immune synapse, it makes a substantial contribution to their inward
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movement beyond the lamellipodia leading to their central accumulation. Crucially,
myosin II contributes to TCR microcluster central movement and accumulation (95).
Since non-muscle myosin II motor domains preferentially bind appropriate subsets of
actin filaments to fulfill myosin-based functions, the AH4 might contribute to
microcluster centralization by associating with myosin filaments. On the one hand, the
AH4 motif might contribute indirect associations to myosin II filaments that use their
motor domain (S1 molecules) to preferentially bind actin filaments that are stretched
along the diameter of the immune synapse. On the other hand, as stretched actin filaments
are a prerequisite for associations with myosin II motor domain (160), the AH4 could
contribute to actin stretching by stabilizing actin filaments in the periphery of the contact.
The AH4 might instruct actin filament stretching, in which case the AH4 would
contribute dually to microcluster centralization and to stable immune synapse formation,
since stretched filaments are more resistant to the forces of actin severing proteins (161).
Associations with the minus-end motor protein, dynein, might also contribute to
microcluster centralization. In this regard, Hashimoto-Tane et al. reported that the
centralization of TCR microclusters is driven by dynein (162). Since TCR microclusters
and SLP-76 microclusters can centralize together, dynein might also contribute to
microcluster centralization. In this vein, ADAP also interacts with dynein and their
association was a prerequisite for the translocation of the MTOC to the immune synapse
of Jurkat T cells in conjugates with SEE-coated Raji B cells (44). Since microtubules
were shown to play a major role in the maintenance of the immune synapse, associations
with dynein could also play a role in sustained T cell adhesion (163).
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SKAP55 alters the subcellular localization of ADAP following TCR ligation
Here, despite equivalent inputs of ADAP in SKAP55-deficient and -sufficient
J14.SY cells, ADAP was more accessible in the absence of SKAP55, and less accessible
in cells reconstituted with SKAP55. Further, all ADAP chimeras containing an intact Nterminus were more accessible before TCR stimulation, and less accessible after
stimulation, suggesting that TCR stimulation transitions ADAP to a less accessible pool.
Despite its diminished accessibility, ADAP was heavily phosphorylated upon the
reconstitution of SKAP55. The imaging data indicate that the AH4 region, which I
propose binds SKAP55, is required for ADAP to stably enter SLP-76 microclusters, and
is dispensable for its lamellipodial localization. Together, these data suggest that, by
directing the phosphorylation of ADAP, SKAP55 transitions ADAP either from the
lamellipodia or the cytosol to microclusters, which are less accessible. However, this is in
contrast to a prior report, where ADAP was proposed to relocate SKAP55 from a
detergent-soluble to a detergent-insoluble pool (113). To reconcile the discrepancy, I
propose that associations between SKAP55 and ADAP support the recruitment of both
proteins to microclusters, the detergent-insoluble pool. This indicates that ADAP and
SKAP55 cooperatively enter SLP-76 microclusters, and contribute to their stability.
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CHAPTER 4:

Y595 Phosphorylation shifts ADAP from the lamellipodia to
TCR-induced SLP-76 microclusters

10.4.

Phosphorylation shifts ADAP from lamellipodia to SLP-76 microclusters
10.4.1. Chapter 4 Rationale
The studies in this report have clarified how the regions of ADAP contribute to its

subcellular localization and phosphorylation, and how these regions stabilize SLP-76
microclusters, which refine our understanding of how ADAP contributes to TCRdependent signals. All ADAP chimeras that contain an N-terminus localize to
lamellipodia and suppress the phosphorylation of endogenous ADAP, indicating that
ADAP is likely phosphorylated in lamellipodia prior to entering SLP-76 microclusters.
With SLP-76 microclusters forming at the periphery of the immune synapse they are
positioned to recruit phosphorylated ADAP from lamellipodia. Since sustained
phosphorylation of Y595 requires direct associations between ADAP and SLP-76, I
postulated that peripheral ADAP is largely unphosphorylated while microclusterassociated ADAP is phosphorylated.
Mass spectrometry reports indicate that ADAP is phosphorylated at the SLP-76binding tyrosines and at additional tyrosines, all of which contribute to T cell adhesion
(104). The phosphorylation of Y595 and Y651 is a necessary step for the coupling of
ADAP and SLP-76. Since SLP-76 microclusters are known for linking enzymatically
active proteins to their substrates, I proposed that Y595-phosphorylated ADAP localizes
to SLP-76 microclusters and that additional tyrosine phosphorylation of ADAP occurs in
these complexes. Thus, the phosphorylation of ADAP is likely to shift it from the
lamellipodia to SLP-76 microclusters, where it contributes to T cell activation.
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10.4.2. The pY595 and Y595 antisera detect differential pools of ADAP
To accurately differentiate between phosphorylated and unphosphorylated pools
of ADAP, I needed antisera that could accurately distinguish between the two forms of
ADAP. The Y595 phospho-specific antiserum was obtained by affinity purification on
the relevant phosphopeptide and subsequent depletion on the unphosphorylated peptide.
The remaining antiserum after depletion on the phosphopeptide was affinity purified on
the unphosphorylated peptide, and was specific for unphosphorylated ADAP. Since
ADAP phosphorylation increases with time, detection of phosphorylated ADAP by the
pY595 antiserum should increase while detection of unphosphorylated ADAP by the
Y595 antiserum should decrease.
The specificity of these antisera was tested on total lysates from TCR- and
pervanadate-stimulated J14.SY cells stably expressing both endogenous ADAP and
exogenous 3xFlag.TRT.ADAP-120. As before, the pY595 antiserum detected minimal
Y595-phosphorylated ADAP in unstimulated cells and increasing amounts of Y595phosphorylated ADAP in lysates from cells that were stimulated over time (Figure 10.68;
top two panels). By contrast, the antiserum specific for unphosphorylated ADAP detected
more ADAP in unstimulated cells and less ADAP in lysates of cells that were stimulated
over time (Figure 10.68; bottom two panels). These specificity tests indicated that the
pY595 and the Y595 antisera recognize phosphorylated and unphosphorylated pools of
ADAP, respectively.
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Figure 10.68: The pY595 and Y595 antisera detect differential pools of ADAP.
Lysates from J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were co-stimulated
with C305 and pervanadate for the indicated times. Total lysates were western blotted as
indicated. Upper and lower arrows identify exogenous and endogenous ADAP,
respectively. These results are representative of three independent experiments.
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10.4.3. Phosphorylated ADAP is restricted to SLP-76 microclusters
Given that the pY595 and Y595 antisera detect different forms of ADAP, the
antisera were next used in immunofluorescence assays to assess whether phosphorylation
contributes to differential localization of ADAP at the immune synapse. To this end,
J14.SY cells were injected into imaging wells containing plate-bound stimulatory ligands
for the TCR, fixed after 10 minutes, and stained with antisera against pY595 or Y595.
The pY595 antiserum predominately detected ADAP in SLP-76 microclusters in
parental J14.SY cells and in J14.SY cells that stably overexpress 3xFlag.TRT.ADAP-120
(Figure 10.69 and 10.70). The pY595 antiserum also detected some ADAP in the
periphery that was not colocalized with SLP-76. Since these cells were fixed, one would
expect that some phosphorylated ADAP molecules would be detected in the periphery
either before they were either dephosphorylated or linked to SLP-76. Also, the pY595
antiserum detected phospho-ADAP better in parental J14.SY cells than in those
overexpressing the chimera. This suggests that although the chimeras suppress the
phosphorylation of endogenous ADAP, they are less efficiently phosphorylated than
endogenous ADAP.
In contrast to the pY595 antiserum, the Y595 antiserum predominantly detected
ADAP in lamellipodia (Figures 10.71and 10.72). In accordance with a prior report that
observed ADAP at the leading edge of murine platelets (103), the Y595 antisera
occasionally detected ADAP at the leading edge of lamellipodia (Figure 10.71; cell 1 and
cell 2). The Y595-specific antiserum also occasionally detected ADAP at the center of
the immune synapse (Figures 10.71, cell 1 & 10.72, cell 1) and a minority of the time
ADAP was observed in microclusters (Figure 10.71, cell 2). These latter observations
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indicate that either the unphosphorylated Y595 serum cross-reacts with some
phosphorylated ADAP, or that unphosphorylated ADAP contributes to microclusters at
the immune synapse. For unphosphorylated ADAP to also be a part of microclusters
suggests that, prior to entering microclusters, ADAP molecules are in a complex where it
is alternately phosphorylated and dephosphorylated. Alternately, the distinct localizations
of ADAP could represent different subsets of ADAP that are differently recruited to SLP76 microclusters.
In contrast to the selective staining patterns of the antiserum, the Flag antibody
noticeably detected both clustered and lamellipodial ADAP (Figure 10.73). Also, neither
antibody formed aggregates in the cells that would produce false-positive staining
patterns (Figure 10.74). Thus, the detection of phosphorylated ADAP in microclusters
and of unphosphorylated ADAP in lamellipodial is faithful. These reciprocal staining
patterns indicate that unphosphorylated ADAP localizes to lamellipodia, while
phosphorylated ADAP is a component of SLP-76 microclusters.
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Figure 10.69: Endogenous Y595-phosphorylated ADAP selectively localizes to SLP76 microclusters.
Parental J14.SY cells were stimulated as in Figure 10.2, fixed after 10 min, and stained
with antisera against pY595 (endogenous ADAP only). Panels are representatives of
three independent experiments.
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Figure 10.70: ADAP chimeras phosphorylated at Y595 selectively localize to SLP-76
microclusters.
J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were stimulated as in Figure 10.2,
fixed after 10 min, and stained with antisera against pY595 (exogenous and endogenous
ADAP). Panels are representatives of three independent experiments.
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Figure 10.71: Unphosphorylated endogenous ADAP predominantly localizes to
lamellipodia.
Parental J14.SY cells were stimulated as in Figure 10.2, fixed after 10 min, and stained
with antisera against Y595 (endogenous ADAP only). Panels are representatives of three
independent experiments.
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Figure 10.72: Unphosphorylated ADAP chimeras predominantly localize to the
lamellipodia.
J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were stimulated as in Figure 10.2,
fixed after 10 min, and stained with antisera against Y595 (exogenous and endogenous
ADAP). Panels are representatives of three independent experiments.
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Figure 10.73: The Flag antibody detects total exogenous ADAP expressed in J14.SY
cells.
J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were stimulated as in Figure 10.2,
fixed after 10 min, and stained with antisera against Y595 (exogenous ADAP only).
Panels are representatives of three independent experiments.
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Figure 10.74: The pY595 antibody is specific for ADAP-rich SLP-76 microclusters.
Jurkat T cells stably expressing EGFP.actin were stimulated as in Figure 10.2, fixed after
10 min, and stained with antisera against pY595 (endogenous ADAP only). Panels are
representatives of two independent experiments.
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10.4.4. Adhesive SLP-76 microclusters selectively retain phosphorylated ADAP
In Chapter 1, the clustered pool of ADAP was selectively attached to the
stimulatory substrate (Figure 10.14). Since only Y595-phosphorylated ADAP was
detected in microclusters, TCR-induced ADAP phosphorylation could be required to
enhance the adhesive nature of SLP-76 microclusters. To examine whether Y595phosphorylated ADAP is selectively recruited to adhesive SLP-76 microclusters, I
imaged the ‘footprint’ of J14.SY cells that were fixed and probed with antisera for pY595
or Y595. As before, the SLP-76 microcluster pattern, but not the lamellipodial pattern,
survived the removal of the cell body by shearing. These ‘footprints’ were selectively
enriched in Y595-phosphorylated ADAP (Figure 10.75, only the footprints are shown).
Thus, phosphorylated ADAP is a component of the adhesive SLP-76 microclusters. By
contrast, unphosphorylated ADAP was hard to detect after removal of the cell body.
When it was detected the staining pattern was not precisely coincident with SLP-76
microclusters. Thus, unphosphorylated ADAP might contribute to the structure of the
immune synapse through associations with the actin meshwork, but is likely not required
for the adhesive nature of SLP-76 microclusters. Taken together, these data strongly
suggest that the TCR requires phosphorylated ADAP to support adhesion via SLP-76
microclusters.
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Figure 10.75: SLP-76 microclusters that survive T cell shearing contain
phosphorylated ADAP.
Parental J14.SY cells were stimulated as in Figure 10.2, fixed after 10 min, and stained
with antisera against Y595 (endogenous ADAP only). Cell bodies were removed, leaving
only the ‘footprint’ behind. Panels are representatives of three independent experiments.
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Figure 10.76: Unphosphorylated ADAP makes a small contribution to adhesive
SLP-76 microclusters.
J14.SY cells stably expressing 3xFlag.TRT.ADAP-120 were stimulated as in Figure 10.2,
fixed after 10 min, and stained with antisera against Y595 (endogenous and exogenous
ADAP). Cell bodies were removed, leaving only the ‘footprint’ behind. Panels are
representatives of three independent experiments
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10.4.5. SLP-76 microclusters are the sites of ADAP phosphorylation
Since I postulated that ADAP is additionally phosphorylated after entering SLP76 microclusters, I assessed whether phosphorylation on sites other than Y595 occurs in
the pools of ADAP that recruit to lamellipodia and to SLP-76 microclusters. The
immunofluorescence staining in J14.SY cells stably expressing the Flag-tagged ADAP
chimera indicated that the Y595 antiserum detects lamellipodial ADAP, pY595 antiserum
detects microcluster-associated ADAP, and the Flag antibody detects both pools. To
compare the phosphorylation status of ADAP molecules in the varying subpopulations, I
captured equal amounts of Y595-unphosphorylated, Y595-phosphorylated, and
exogenous

ADAP

from

TCR-stimulated

J14.SY

cells

stably

expressing

3xFlag.TRT.ADAP-120. The changes in total tyrosine phosphorylation within each of
these populations were evaluated with a pan phospho-antibody (Figure 10.77). The
stoichiometry of tyrosine phosphorylation within the pY595 pool increased substantially
in response to early TCR-stimulation. By contrast, the Y595 pool of ADAP captured
substantially fewer phosphorylated ADAP molecules, suggesting that lamellipodial
ADAP is not overtly phosphorylated. Further, since phosphatases are excluded from SLp76 microclusters, the lamellipodial pool of ADAP could also be targeted for
dephosphorylation. The Flag antibody captured similar amounts of phosphorylated
ADAP as the Y595 antiserum, indicating that the small amount of clustered ADAP
makes large contributions to ADAP phosphorylation downstream of the TCR. These data
are consistent with reports from mass spectrometry, which recovered phosphorylated
peptides in addition to Y595 and Y651. In conjunction with the immunofluorescence
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data, these data indicate that additional tyrosine phosphorylation of ADAP occurs within
SLP-76 microclusters.
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Figure 10.77: The pY595 pool of ADAP is additionally tyrosine phosphorylated.
Specific forms of ADAP were immunoprecipitated from TCR-stimulated J14.SY cells
stably expressing 3xFlag.TRT.ADAP-120 and western blotted as indicated. Antibodies
were titrated to capture equal amounts of ADAP from saturating amounts of lysate. All
data are representative of three independent experiments.
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10.4.6. Chapter 4 Summary
Prior to these studies we did not know whether the subcellular localization of
ADAP was linked to its phosphorylation, or whether ADAP was subjected to further
tyrosine phosphorylation in the microcluster. Altogether, Chapter 4 indicates that Y595unphosphorylated ADAP localizes to lamellipodia while Y595-phosphorylated ADAP
predominately localizes to SLP-76 microclusters. In conjunction with the studies of the
ADAP N-terminus, the data imply that the sites of early ADAP phosphorylation are
lamellipodia, which support phosphorylation of Y595 and the transition of ADAP to
SLP-76 microclusters. Since ADAP is rapidly dephosphorylated in the absence of
associating with SLP-76, lamellipodial ADAP is also a target of phosphatases. Thus, the
lamellipodia are the sites of cyclical phosphorylation and dephosphorylation of ADAP.
These studies predict that other phosphorylation sites detected by mass spectrometry are
likely phosphorylation sites once ADAP has transitioned to SLP-76 microclusters. Based
on these studies, phosphorylated ADAP is predicted to enhance TCR contacts by
stabilizing SLP-76 microclusters.
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10.4.7. Chapter 4 Discussion
The Y595-site specific antisera detect different forms of ADAP
Several reports have indicated that there are at least two pools of ADAP
downstream of the TCR, which are easily identified by either the presence or the absence
of associations with SKAP55 (25, 35, 59, 113). Correspondingly, SKAP55 regulates the
functions of ADAP such that it is required for ADAP to promote integrin activation and
conjugate formation, and the secession of ADAP from SKAP55 promotes NFκB
activation (59). With both SKAP55 and the AH4 motif contributing to the
phosphorylation of ADAP and to its stable entry into microclusters, I proposed that the
clustered pool of ADAP promotes adhesion and that the lamellipodial pool of ADAP
activates NFκB. Fittingly, a past graduate student and I individually observed SKAP55
selectively in TCR-induced SLP-76 microclusters by immunofluorescence (data not
shown) (127). These independent observations indicate that SKAP55 is appropriately
positioned to contribute to integrin-independent adhesion. The Y595 site-specific antisera
are useful to selectively detect the lamellipodial and clustered pools of unphosphorylated
and phosphorylated ADAP, respectively. By removing the cell body with shear force, I
showed that only SLP-76 microclusters survive attached to the stimulatory substrate
(Chapter 1). Here, I have clarified that these adhesive microcluster consist of ADAP
molecules that are predominantly phosphorylated ADAP, rather than unphosphorylated.
Since SKAP55 and the AH4 make large contributions to ADAP phosphorylation, and
since SKAP55 localizes selectively to SLP-76 microclusters, it is expected to promote
integrin-independent adhesion by ADAP. This will be interesting and important to assess
in the future, as we further identify how these adaptors functions downstream of the TCR.
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In addition, the Y595 antibody that detects unphosphorylated ADAP occasionally
also detects ADAP enriched at the leading edge of lamellipodia. Since Ena/VASP
proteins localize to the leading edges of T cells, I expect that ADAP interacts with this
family of proteins as anticipated (103). Thus, these antisera confirm the existence of two
pools of ADAP, and also provide insights to a third pool of ADAP. Therefore, I propose
that there are four pools of ADAP, which can be found in the cytosol, lamellipodia,
leading edge and SLP-76 microclusters.

SLP-76 microclusters are signaling hotspots
The phosphorylation of Y595 in ADAP distinguishes it from its unphosphorylated
counterpart by selectively localizing it to SLP-76 microclusters, where it contributes to
their stability and adhesive nature. However, this Y595-phosphorylated pool of ADAP is
additionally phosphorylated, most likely on tyrosines that have been shown to contribute
to TCR-induced adhesion to integrin ligands (Y771 and Y780)(104). That ADAP is
additionally phosphorylated as a microcluster component is consistent with the notion
that SLP-76 microclusters are signaling hotspots, bridging enzymatically active proteins
to their substrates. Similarly, PLCγ1 is dispensable for microcluster formation and
stability (81), yet it localizes to SLP-76 microclusters where Itk phosphorylates and
activates it so that it can generate the critical second messengers IP3 and DAG (164).
Recently, the phosphorylation of Vav1 was reported to occur in SLP-76 microclusters,
which contributes to its ability to mediate calcium responses and CD69 surface
expression (83). Thus, ADAP contributes to the growing number of proteins that support
the notion that SLP-76 microclusters are hubs of enzymatic activity.
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11. DISCUSSION

Potential roles for ADAP
in human health and disease

11.1.

ADAP in human health and disease

11.1.1. Introduction
In this thesis, I have examined the contribution of the adaptor protein ADAP to T
cell activation. By analyzing the structure of ADAP, we have gained insight into the
requirements for the formation, cohesion, persistence, and movement of SLP-76
microclusters. This work has clarified that the SLP-76 SH2 domain and ADAP contribute
stability to SLP-76 microclusters, which correlates with T cell adhesion to TCR-based
ligands and to integrin ligands. That stable SLP-76 microclusters are not required for
calcium responses indicates that various forms of microclusters could exist in vivo. We
also now understand that ADAP has been misplaced in the signaling hierarchy, and we
have identified that there is an unstudied pathway that contributes to ADAP
phosphorylation downstream of the TCR. This clarifies that phosphorylated ADAP is
closer in alignment to the transmembrane adaptor LAT downstream of the TCR. In this
manner, phosphorylated ADAP serves as a docking site for SLP-76 and the merge of
these independent pathways stabilizes microclusters through multivalent interactions that
promote microcluster cohesion, persistence, and centralization downstream of TCR
ligation.
Currently we do not understand how ADAP contributes to immune responses in
the context of infections, since ADAP-deficient mice have not been antigenically
challenged. ADAP-deficiency is not an embryonic lethal and does not induce cancer or
autoimmunity. Nevertheless, ADAP functions in ways in which it can modulate the
immune system. The studies in this report indicate that ADAP is important for adhesion
downstream of the TCR, regulating stable SLP-76 microclusters that correlate with
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optimal adhesion to TCR ligands and to integrin ligands downstream of TCR ligation.
Defective T cell adhesion can impair antigen detection, optimal effector T cell responses
and the formation of memory T cells. The topics presented in this section are posited to
reflect potential areas in which ADAP is relevant to immune responses, with the ideas as
platforms for future studies that investigate the roles of ADAP at various stages of
immune responses.

11.1.2. Stable SLP-76 microclusters are required for functioning T cells
Numerous studies indicate that an extensive network of multivalent interactions
contributes to the persistence and movement of SLP-76 microclusters (32, 42, 81, 83, 84,
92, 164-168). The overall organization of the molecules within the complex is essential to
its stability, as a mutation to one phosphorylated tyrosine on a microcluster protein can
diminish stability and dampen T cell activation (32, 81, 83, 169). In agreement, my data
reveal that both of the SLP-76-docking tyrosines of ADAP contribute to the persistence
and centralization of SLP-76 microclusters (Figure 11.1). The elimination of a single
SLP-76-docking site in ADAP, Y595, prevented ADAP from stabilizing non-persistent
SLP-76 microclusters in cells that lacked endogenous ADAP. Similar effects have been
observed on LAT molecules (169), where the interaction between the PLCγ1 SH2
domain and Y132 of LAT stabilizes Grb2 associations with LAT. Similarly, mutations at
any of the three GADS/Grb2 binding tyrosines can destabilize the interactions between
PLCγ1 and LAT. Other studies also suggest that mutated tyrosines on LAT molecules are
not compensatory when expressed in trans (165). Thus, the overall organization of the
network supports its stability. My data suggest that one ADAP molecule effectively
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stabilizes two SLP-76 molecules in the complex and, as demonstrated for LAT, this
structure would not be stable if I were to express these single tyrosine mutations in trans.
Although the interaction between ADAP and SLP-76 have been viewed as binary
(20, 21, 32, 34, 88, 108), our current understanding of their interaction is incomplete. The
SLP-76-binding tyrosines are clearly involved in stable microclusters, yet the conserved
motifs in the N-terminus of ADAP also contribute to stable microclusters (Figure 11.1).
The importance of the multivalency that ADAP contributes to SLP-76 microclusters is
most clearly exemplified by the absence of SLP-76 microcluster cohesion without
ADAP, or in the absence of all of the constituents of ADAP. Stable, cohesive and
persistent SLP-76 microclusters correlate with optimal T cell adhesion (Figure 11.1). In
addition to SLP-76 microclusters providing hot spots of T cell signaling, these complexes
also appear to contribute to stable T cell contacts. Without the multivalent interactions T
cells will not properly signal, which is attributable to primary defects in adherence to
TCR and integrin ligands (Figure 11.1).
With the N-terminus involved in SLP-76 microcluster stability, ADAP clearly
contributes multivalent interactions with the total sum of these interactions stabilizing
microclusters. In contrast to the WT C-terminus, which was solely cytoplasmic and did
not enter the lamellipodia, the N-terminus localized to lamellipodia confirming that Nterminal associations localize full-length ADAP to the lamellipodia. When expressed at
low levels, the WT C-terminus of ADAP did not disrupt SLP-76 microclusters, while the
N-terminus potently impaired microcluster movement when expressed at both low and
high levels, indicating the importance of N-terminal interactions for microcluster stability
and movement, and suggesting that N-terminal interactions are limiting. That the ADAP
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N-terminus disrupted SLP-76 microclusters while localized to lamellipodia indicates that
ADAP stabilizes interactions with SLP-76 through lamellipodial associations (Figure
11.1). Thus, interactions between ADAP and SLP-76 require SLP-76-docking tyrosines
in ADAP and lamellipodial associations via the N-terminus.
Multiple motifs in the N-terminus are clearly involved in microcluster
centralization and cohesion, with each contributing differently to microcluster stability
and cohesion (Figure 11.1). The ADAP∆AH4 mutant transiently entered microclusters
that were directed inward from the lamellipodia, but did not move beyond the
lamellipodia. Thus, associations with the AH4 contribute more stabilizing interactions for
the central accumulating microclusters. Alternately, the AH4 could provide partially
redundant contributions for microcluster stability with other proteins in the lamellipodia,
but not more centrally. Interestingly, the AH4 appeared as dispensable for microcluster
cohesion, as its elimination did not severely effect this parameter. However, stable
microclusters also rely on redundant interactions, such as that described for ADAP and
Nck in actin cytoskeletal rearrangements (32). Therefore, the AH4 might contribute to
cohesion in the absence of the AH1-3 region, which was not directly examined.
Nevertheless, the AH4 region is clearly important for stabilizing interactions between
ADAP and SLP-76, and for microcluster central accumulation.
The AH1-3 region also contributes multivalent interactions that stabilize
microclusters, since the added elimination of AH1-3 to the ∆AH4 completely abolished
the transient associations between ADAP∆AH4 and SLP-76. Finally, the ADAP∆AH1-4
mutant, although neither was phosphorylated nor entered SLP-76 microclusters, impaired
the movement of microclusters in the periphery, previously observed with the
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ADAP∆AH4 mutant, and also impaired microcluster cohesion. This phenotype is in
contrast to the C-terminus when it was expressed at physiological levels. Since the only
difference between these two fragments is the AH5 motif, the ADAP∆AH1-4 mutant
indicates that the AH5 makes a contribution to SLP-76 microcluster stability that is
independent of ADAP phosphorylation, at least at Y595. The manner in which the AH5
contributes to microcluster stability is currently unknown, but could involve interactions
with Ena/VASP proteins through the ‘LPPPPP’ motif, and might also play a role in
crosslinking actin filaments. Finally, the AH1-3 region contributes to the localization of
ADAP in lamellipodia, since ADAP∆AH4, but not ADAP∆AH1-4 entered lamellipodia.
Thus, multivalent interactions imparted by ADAP are expected to involve lamellipodialassociated proteins, one of which is likely to be HIP55 (98).
The microclusters that transitioned from actin-rich lamellipodia to the contractile
actin/myosin-dependent region corresponding to the pSMAC stopped moving with the
ADAP∆AH4 mutant, but did not display defects in microcluster cohesion as observed
with all other mutants. These observations suggest that the AH4 is either dispensable or
redundant for microcluster cohesion. Other regions of ADAP that might compensate for
the redundant contributions of the AH4 to microcluster cohesion are either the AH1-3 or
the AH5. Given that the AH1-4 deletion recapitulated defective cohesion, the AH1-3 is
likely redundant with the AH4 for contributions to cohesion. Alternately, the AH1-3 is
the only region of the N-terminus that contributes to microcluster cohesion, and implies
that associations with actin contribute to cohesion. Since cytochalasin D inhibits actin
polymerization, it would be useful to assess whether cytochalasin D treatment impairs
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microcluster cohesion, as one would be able to assess whether actin polymers contribute
to microcluster stability.
Thus, ADAP contributes to SLP-76 microcluster stability through multivalent
interactions between the tyrosines in its C-terminus and conserved regions of the Nterminus. Stable microclusters benefit T cells by providing networks that support
signaling events that are proximal to TCRs. Just as activation rapidly generates signaling
platforms, inhibitory signals promote their disassembly. This should allow the T cell to
discriminate between TCR ligands of varying affinity, which is predicated by the kinetic
proofreading model.
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Figure 11.1: ADAP contributes multivalent interactions to SLP-76 microclusters.
This model incorporates the observations that ADAP can be recruited into TCR-induced
actin-rich structures prior to the recruitment of SLP-76, and that the interaction between
ADAP and SLP-76 is a prerequisite for microcluster persistence. ADAP promotes
microcluster cohesion, persistence, and movement, and supports stable T cell contacts.
ADAP may contribute to complex stability by bridging SLP-76 microclusters to actin and
as a docking site for additional stabilizing adaptors and effectors. Non-catalytic
interactions among effector proteins (cloud) may further stabilize SLP-76 microclusters
by contributing to the overall avidity of these complexes.
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11.1.3. Adhesive SLP-76 microclusters polarize the MTOC
Adhesion via SLP-76 microclusters would expectedly coincide with optimal
MTOC translocation and conjugate formation in vivo. The MTOC relocates from the rear
of the cell to the contact site in response to both stimulatory APCs and beads coated
exclusively with TCR-specific antibodies (170, 171). MTOC polarization selectively
requires intact TCR proximal signaling molecules, including at least one functional
ITAM and the Src kinase Lck. Downstream mediators of TCR signals, such as Ras are
dispensable for MTOC polarization (171). Interestingly, ADAP has been reported to
mediate MTOC polarization. Loss of ADAP, but not LFA-1, coincided with diminished
MTOC translocation to the immune synapse (44). Here, T cells that cannot recruit ADAP
into SLP-76 microclusters poorly adhere to integrin-independent TCR ligands, which
suggest a possible link between stable, adhesive microclusters and MTOC polarization.
ADAP is also observed with actin, and may be an important cytoskeletal protein that
connects the actin cytoskeleton and the MTOC to SLP-76 microclusters via a mechanism
that could involve motor proteins. As an association between ADAP and the minus-end
motor protein, dynein, were observed in biochemical immunoprecipitation studies and at
the immunological synapse of imaged conjugates (44), this is a possible mechanism by
which ADAP contributes to SLP-76 microcluster centralization. Thus, the TCR might
recruit ADAP to recruit the MTOC, actin, and microtubules to the plasma membrane and
where they are linked to SLP-76 microclusters. In accordance with this prediction, the
Huse laboratory has observed microclusters form at stimulated areas of the immune
synapse, to which the MTOC then polarizes (unpublished data).
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11.1.4. Potential roles for ADAP in peripheral T cell responses
The work from Erik Peterson’s group highlighted that ADAP is upregulated
following TCR stimulation and upon the acquisition of T cell memory status, which
indicates that the TCR selectively recruits ADAP to assist with varying signals (26). Like
SLP-76, ADAP is regulated at the transcriptional and post-translational levels during the
process of positive selection (26). ADAP expression is also regulated by TCR-dependent
signals in peripheral T cells, such that memory T cells contain significantly increased
levels of ADAP at the protein level, compared to naïve T cells (26). These observations
suggest that the TCR selectively recruits ADAP to immune synapses formed during
positive selection (172, 173) and also in peripheral T cells responding to infection.
Although ADAP-deficient mice have not been infected with any pathogens yet,
many aspects of the regulation of ADAP and aspects of how ADAP promotes T cell
activation indicate that it is important for memory T cell formation. To generate efficient
memory T cells, long-lived contacts that persist from eight to approximately 24 hours are
absolutely essential (2). In the absence of stable contacts T cells can flux Ca2+ and display
efficient ERK activation, yet they cannot efficiently polarize their TCR or PKCθ to the
immune synapse, and they have diminished cytokine secretion and NFκB signals (2,
174). Comparably, the observations here indicate that ADAP is required for adhesion to
TCR ligands, which coincides with TCR-induced PKC-dependent MTOC polarization,
IL-2 secretion, the NFκB cascade and surface expression of CD69 (25, 27, 30, 43, 143,
174). Thus, ADAP-deficient T cells might differentiate into effector cell subsets, but will
not achieve memory status.

274

The visually observable unstable contact boundaries in the absence of ADAP
suggest that ADAP is important for efficient targeted granule secretion (Figure 11.2).
CD4+ and CD8+ T cells deliver cytokines that provide help to B cells and lyse infected
target cells, respectively. While the polarization of the MTOC plays important roles in
directed granule delivery, the structure and adhesive nature of the immune synapse could
also contribute to these processes in a more generalized manner. The pSMAC is circular
and highly adhesive, rich in adhesion molecules that include the TCR and SLP-76
microclusters. At the cSMAC is the MTOC, the site of directed granule secretion. Hence,
adhesion at the pSMAC might control granule secretion in that it seals the area
surrounding the MTOC so that the ‘help’ and ‘kill’ signals are directed exclusively at the
APC in communication with the T cell. Here, the work demonstrates that ADAP is
integral for the adhesive nature of the TCR and also suggests that stable microclusters
contribute to this adhesion. ADAP also contributes to the circular shape of the immune
synapse, which is lost when the SLP-76 microclusters are unstable (Figure 11.2). Thus,
ADAP could promote directed granule secretion by contributing to the adhesive quality
of the pSMAC, which depends on TCR and SLP-76 microclusters, in addition to other
adhesion molecules. This suggestion parallels osteoclasts, which build SLP-76
microcluster-like podosomes that contribute to the circular sealing zones and that rely on
actin-associated molecules for bone reabsorption. Thus, ADAP recruitment to the
immune synapse may be imperative for direct secretion of ‘help’ signals and/or lytic
granule secretion. Impaired protein expression of ADAP in Cytolytic T cells would
conceivably damage the host by accidentally lysing bystander cells, which would incite
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immunodeficiency. Also, inefficient delivery of ‘help’ signals could activate irrelevant
cells, and generate autoimmunity.
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Figure 11.2: ADAP stabilizes SLP-76 microclusters to promote directed cytokine
delivery.
The TCR recruits ADAP to stabilize SLP-76 microclusters, which create a seal at the
immune synapse to prevent leakage of cytokines and promote directed cytokine delivery
to the APC at the immune synapse (left). In the absence of ADAP, the adhesive seal is
compromised such that lytic granules kill bystander cells (middle) and ‘help’ cytokines
activate irrelevant cells (right). The consequences of these latter two scenarios are
immunodeficiency and autoimmunity in the host, respectively.
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11.1.5. ADAP contributes to antigen detection prior to and at immune synapses
In the process of T cell scanning of APCs, T cells extend their filopodia to
facilitate TCR ligation, yet it is unclear how individual TCRs are localized at the tips of
filopodia. These structures are not unique to T cells and also exist in the developing
axons of neurons (175). Filopodia are characteristic for their exploratory behavior and
require Ena/VASP proteins, which are located at their tips. Ena/VASP proteins are
essential for the formation and elongation of filopodia. ADAP has at least two sequences
that promotes associations with this family of proteins and was observed at the tips of
filopodia of landing cells. Thus, ADAP could link filopodial growth to points that include
the TCR at the tips (Figure 11.3). In this manner, ADAP would link Ena/VASP proteins
to the TCR and contribute to T cell scanning by essentially ensuring that TCRs are
located at the tips of these exploratory structures. Although ADAP has a well-conserved
EVHL motif in its C-terminus, it also contains an alternate EVHL motif in its AH5 motif,
which could also contribute to this process (151). Therefore, ADAP may recruit
Ena/VASP proteins to sites where TCRs are localized to promote efficient antigen
detection by TCRs at the tips of filopodia(Figure 11.3)..
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Figure 11.3: ADAP promotes efficient T cell scanning by linking the TCR to
filopodial tips.
(A) In the lymph nodes, ADAP contributes to the short contacts formed between T cells
and APCs, which promote TCR ligation and T cell activation. The efficiency of TCR
ligation depends on Ena/VASP proteins that promote filopodial extension formation.
Here, ADAP links Ena/VASP proteins to the TCR to ensure that TCRs are localized at
the tips of filopodia. (B) In the absence of ADAP, filopodia still form, but lack TCRs at
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their very tips, which causes inefficient T cell activation, which would leave the host
immunodeficient.
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ADAP could also contribute to antigen detection at the immune synapse as a SLP76 microcluster component (Figure 11.4). A recent report indicated that complexes
occurring in protrusive structures of T cells at the immune synapse consist of T cell
signaling components including TCR, ZAP-70, PKCθ, and HS1, and actively contribute
to antigen detection (159). Interactions among these components link the TCR to
cytoskeleton, which is very similar to how ADAP appears to be operating.
The functional roles of HIP55 downstream of the TCR parallel those attributed to
ADAP and it is also recruited to the immune synapse, interacts with ADAP and the
ADAP competitor HPK1, and binds and colocalizes with F-actin (98, 152, 176, 177).
Thus, associations with HIP55 are likely to contribute to the actin cytoskeletal association
of ADAP at the immune synapse, specifically its localization at lamellipodia. Through
interactions with the AH1-3 region, HIP55 might also contribute to the formation of the
focal adhesion-like structures observed here and regulate ADAP-dependent adhesion,
since it contributes to firm adhesion via β2 integrins in murine neutrophils (178).
Therefore, although the ADAP/SKAP55/RAP1 module contributes to both β1 and β2
integrin activation (24, 28), ADAP might also activate or regulate VLA-4 activation
through interactions with HIP55 in the cytoskeleton. Thus, the ADAP could contribute to
junction formation downstream of the TCR by stabilizing bridging other cytoskeletal
proteins to SLP-76 microclusters that also contribute to their stability. These contacts
would play important roles increasing T cell sensitivity to antigen, which is important in
the case of limiting antigen (30).
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Figure 11.4: ADAP contributes to junction formation by stabilizing SLP-76
microclusters.
ADAP contributes to junction formation downstream of the TCR through stable SLP-76
microclusters. (A) These complexes recruit cytoskeletal protrusive adaptors and effectors
such as Nck and WASP proteins that force the pSMAC to be in close proximity to the
substrate. (B) These fulcrums support TCR sampling of peptide-MHC complexes and
adhesion at the immune synapse, and stabilize the periphery of the contact as new
interactions form. ADAP supports the formation of stable contacts by both securing the
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TCR at the immune synapse and by stabilizing microclusters, which are physically
adhesive structures.
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11.1.6. Future directions: assessing a role for ADAP during infection in a
mouse model
ADAP is required for TCR-induced proliferation, cytokine production, CD69
surface expression, and NFκB (25, 27, 33), and recent studies revealed that there is a
correlation between these dynamics and the generation of memory T cells (174).
Therefore, it is likely that ADAP promotes the differentiation of effector T cells into
memory T cells in vivo, and that in the absence of ADAP, T cells will respond to
repetitive infections as though the host is infected for the first time.
According to observations from the Reiner laboratory, asymmetric cell division
promotes two daughter cells that acquire disparate fates during immunity, one that is an
effector T cell and the other that is a memory T cell (174). These populations of T cells
differentiate based on their nearness to the APC contact site and are detectable by the
presence or the absence of memory T cell markers on the cell surface. Effector T cells
arise as the population of cells that stem from the contact site, while memory T cells arise
as the population of cells that are most distal from the contact site (174). Because these
two populations are readily identifiable, the antigen-specific T cells can be sorted into
their distinct populations and transplanted into syngeneic hosts and assessed for their
ability to clear infection within one week after pathogenic challenge with Leishmania
(174).
Using this model of Leishmania-specific T cells and sorting on cells that acquired
effector versus memory status, I propose crossing the antigen-specific mice with ADAPdeficient mice, and subsequently comparing the ability of effector T cells and memory T
cells to clear Leishmania infection. I predict that both effector and memory ADAP-
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deficient and WT antigen-specific T cells will respond to infection and clear Leishmania
after the first week of infection. The effector-fated daughter cells should terminally
differentiate and will not have regenerative capacity. However, all these T cell
populations will clear the infection similarly. By contrast, I predict that the memory-fated
daughter T cells will only retain the capacity to self-renew and clear the pathogen upon
re-infection in the ADAP-sufficient cells and not in the ADAP-deficient cells. These
experiments should appropriately test whether ADAP is required for T cell memory
formation and/or function (Figure 11.5).
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Figure 11.5. ADAP might contribute to the function of memory T cells
The clonal selection theory of adaptive immunity suggests that proliferation of a single
lymphocyte should provide sufficient function for acute defense (effector T cells: CTLs,
helper cells) while also maintaining the regenerative capacity to maintain the selected
lineage (memory T cells): Asymmetric cell division ensures the inheritance of critical
molecules and disparate daughter cell fates, such that effector and memory T cells differ
in their ability to self-renew, although both mediate immune responses. My predictions
are that in the absence of ADAP, memory T cells will not form and the immune
responses will always mirror that of a primary immune response, and lack immunological
memory.
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