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Abstract
Adhesion and degranulation-promoting adapter protein (ADAP) is a multi-functional
hematopoietic adapter protein that regulates TCR-dependent increases in both integrin function
and activation of the NF-κB transcription factor. Activation of integrin function requires both
ADAP and the ADAP-associated adapter SKAP55. In contrast, ADAP-mediated regulation of NF-
κB involves distinct binding sites in ADAP that promote the inducible association of ADAP, but
not SKAP55, with the CARMA1 adapter and the TAK1 kinase. This suggests that the presence or
absence of associated SKAP55 defines functionally distinct pools of ADAP. To test this
hypothesis, we developed a novel SKAP/ADAP chimeric fusion protein and demonstrated that
physical association of ADAP with SKAP55 is both sufficient and necessary for the rescue of
integrin function in ADAP-deficient T cells. Similar to wild-type ADAP, the SKAP/ADAP
chimera associated with the LFA-1 integrin following TCR stimulation. Although the SKAP/
ADAP chimera contains the CARMA1 and TAK1 binding sequences from ADAP, expression of
the chimera does not restore NF-κB signaling in ADAP−/− T cells. A single point mutation in the
pleckstrin homology (PH) domain of SKAP55 (R131M) blocks the ability of the SKAP/ADAP
chimera to restore integrin function and to associate with LFA-1. However, the R131M mutant
was now able to restore NF-κB signaling in ADAP-deficient T cells. We conclude that integrin
regulation by ADAP involves the recruitment of ADAP to LFA-1 integrin complexes by the PH
domain of SKAP55 and this recruitment restricts the ability of ADAP to interact with the NF-κB
signalosome and regulate NF-κB activation.

INTRODUCTION
The activation of naïve T cells in secondary lymphoid tissues is initiated by T cell
interactions with APCs. Cytoplasmic signals transduced from the TCR promote inside-out
signaling that rapidly increases the functional activity of the LFA-1 integrin (CD11a/CD18;
αLβ2), leading to firm T:APC conjugation and formation of the immunological synapse (1,
2). T cell stimulation also promotes activation of NF-κB, a key transcription factor in T cell
function (3, 4). Distinct signaling mechanisms regulate TCR-dependent integrin and NF-κB
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activation. Functional activation of LFA-1 integrins on the T cell surface requires upstream
phosphorylation of the linker for activation of T cells (LAT)2 and subsequent signaling
through the SLP-76 complex (5-7). By contrast, TCR mediated NF-κB activation involves
PKCθ-dependent formation of the CARMA1/Bcl-10/MALT1 (CBM) complex, which in
turn promotes IKK kinase mediated phosphorylation and degradation of IκBα and liberates
NF-κB for translocation to the T cell nucleus (8, 9).

Several adapter proteins downstream of LAT and SLP-76 are important for TCR-dependent
integrin activation and T:APC conjugate formation (1, 10, 11). ADAP (adhesion and
degranulation promoting adapter protein; also known as Fyb or SLAP-120/130) and
SKAP55 (Src kinase-associated phosphoprotein; also known as SKAP1) are hematopoietic
specific adapter proteins that have emerged as key mediators of T cell integrin activation. T
cells from either ADAP−/− or SKAP55−/− mice show profound defects in TCR-dependent
LFA-1 integrin activation (12-15). The constitutive association between ADAP and
SKAP55 has been proposed to be critical to the regulation of integrin function by these
adapters (16-20). SKAP55 contains a unique N-terminal domain putatively involved in
homodimerization (21), a central atypical PH domain, and a C-terminal SH3 domain that
mediates constitutive interaction with the central proline-rich domain of ADAP (22, 23).
ADAP additionally contains several protein-protein interaction domains and was initially

2Abbreviations Used:

ADAP adhesion and degranulation promoting adapter protein

Bcl-10 B cell lymphoma 10

CARMA1 caspase recruitment domain membrane-associated guanylate kinase protein 1

CBM CARMA-1-BCL10-MALT1

GEF guanine nucleotide exchange factor

HA hemagglutinin

h.c. IgG heavy chain

hCAR human coxsackie adenovirus receptor

LAT linker for activated T cells

PI[3,4,5]P3 phosphatidylinositol 3,4,5 trisphosphate

PH pleckstrin homology

PKC protein kinase C

Rap1 Ras proximate 1

RapL regulator of cell adhesion and polarization enriched in lymphoid tissues

RIAM Rap1-GTP-interacting adapter molecule

S/A SKAP/ADAP chimera

SH2 src homology 2

SH3 src homology 3

SKAP55 src kinase associated phosphoprotein of 55 kDa

SKAP-HOM SKAP55 homolog

SLP-76 SH2-domain containing leukocyte phosphoprotein of 76 kda

TAK1 TGF-β-activated kinase 1

Burbach et al. Page 2

J Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identified by its TCR-dependent interactions with the Src family tyrosine kinase Fyn and
SLP-76 (24, 25). While the N-terminus of ADAP has been reported to bind HIP55 (26), no
function has been attributed to this domain. By contrast, the C-terminus of ADAP is also
important for TCR dependent integrin activation (11, 20), presumably through tyrosine
phosphorylation and recruitment of ADAP to the LAT/SLP-76 complex downstream of
TCR stimulation.

Beyond its role in promoting TCR-dependent integrin activation, ADAP is also critical for
the formation of the NF-κB regulatory CBM complex (27). This function of ADAP traces to
TCR-inducible interactions between ADAP and both the CARMA1 and TAK1 proteins (27,
28). Mutation of the CARMA1 binding site within the C-terminus of ADAP does not affect
T:APC conjugate formation, and conversely an ADAP construct deficient in SKAP55
binding and integrin function retains the ability to rescue NF-κB activation (20). Consistent
with these segregated functions of ADAP towards integrin versus NF-κB activation, we and
others have described two pools of ADAP in T lymphocytes. Studies in Jurkat T cells
indicate that 70% of ADAP is associated with SKAP55, while essentially all SKAP55 in T
cells is associated with ADAP (22). In addition, ADAP, but not SKAP55, is inducibly
recruited to the CBM complex for promotion of NF-κB activation following CD3/CD28
stimulation of primary naïve T cells (20, 27). The association of SKAP55 with ADAP is also
critical for maintaining SKAP55 protein expression in T cells, as SKAP55 is severely
destabilized in the absence of ADAP (29). Thus, ADAP−/− T lymphocytes also have
dramatically reduced levels of SKAP55 (30). While ectopic re-expression of ADAP into
ADAP−/− cells promotes stabilization and restoration of SKAP55 expression, ADAP
constructs defective for SKAP55 binding leave ADAP−/− cells deficient in SKAP55 (20).
This finding suggests that the role of ADAP in regulating integrin function is to stabilize
SKAP55 (1, 11). However, the forced expression of SKAP55 in the absence of ADAP is
unable to restore integrin activation (20), indicating that both SKAP55 and ADAP play
distinct functions in this signaling pathway.

The mechanism by which the constitutive association of ADAP with SKAP55 specifically
controls TCR-inducible changes in integrin function, but not NF-κB activation, remains
unclear. Several key integrin regulatory proteins, including RIAM and RapL, have been
reported to bind SKAP55, but these interactions have been shown to be constitutive and not
affected by TCR stimulation (18, 31). We hypothesized that SKAP55 may play an active
role in controlling ADAP-dependent integrin and NF-κB function. To test this hypothesis,
we developed a novel SKAP/ADAP chimeric molecule that retains the CARMA1 and
TAK1 binding sites and can substitute for both ADAP and SKAP55 in the absence of
endogenous expression of either protein. We show that expression of the SKAP/ADAP
chimera in ADAP−/− T cells can efficiently rescue ADAP-dependent T:APC conjugate
formation, but not NF-κB activation. The PH domain of SKAP55 is critical for the integrin
regulatory function of the SKAP/ADAP complex and mutation of this domain now renders
the chimera permissive for NF-κB activation. This indicates that SKAP55 attenuates NF-κB
signaling by restricting access of ADAP to the NF-κB signalosome.

MATERIALS AND METHODS
Mice

DO11.10 and DO11.10/ADAP−/− mice on the Balb/c background have been previously
described and were crossed to hCAR transgenic mice expressing the human coxsackie
adenovirus receptor (13, 20, 27). Mice were housed in specific pathogen-free facilities at the
University of Minnesota, and were used between 8 and 12 weeks of age. All experimental
protocols involving the use of mice were approved by the Institutional Animal Care and Use
Committee at the University of Minnesota.
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Antibodies and reagents
Anti-Thy1.1 APC, Anti-B220 PerCP-Cy5.5, and PE-conjugated anti-mouse IgG1 were
purchased from eBioscience (San Diego, CA). Anti-D011.10 TCR FITC-conjugated KJ1-26
was purchased from Biolegend (San Diego, CA). Rabbit anti-SKAP55 was from Millipore/
Upstate (Lake Placid, NY). Mouse anti-IκBα (L35A5; #4814) as well as rabbit anti-
phospho-IκBα (14D4; #2859), anti-ERK (#9102), and anti-phospho-ERK (#9101) were
from Cell Signaling (Danvers, MA), and mouse anti-Bcl10 (331.3) and rabbit anti-Bcl10
(H-197) was from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-SKAP55 and
mouse anti-ADAP C-terminus antibody were from Transduction Labs and sheep anti-ADAP
N-terminus polyclonal antiserum was the kind gift of Dr. G. Koretzky and used as
previously described for intracellular staining by FACS (20). Anti-rabbit or anti-sheep
AlexaFluor 488 (Invitrogen, Carlsbad, CA) was used for secondary detection of intracellular
staining. Donkey anti-sheep IR800 and donkey anti-rabbit secondary IR680 antibodies (LI-
COR Biosciences, Lincoln, NE) and goat anti-mouse Alexa 680 (Invitrogen) were used for
Western blotting in most experiments. Cell Tracker Orange and OVAp (ovalbumin
aa323-339) for conjugate assays were from Invitrogen.

Cloning and mutagenesis
The FLAG-tagged human SKAP55 cDNA in pEF-BOS was kindly provided by Dr. B.
Schraven (Otto-von-Guericke University, Magdeburg, Germany). Subcloning to generate
pENTR-FLAG-SKAP55 was previously described (20). To create the SKAP/ADAP
chimera, cDNA encoding amino acids 1-299 of human SKAP55 was PCR amplified from
FLAG-SKAP55 construct using Pfx DNA polymerase (Invitrogen) and the following
primers: EcoRV-Met-SKAP55-sense, 5′-GAGATATCATGGACTACAAAGACGACGA
-3′, and SalI-SKAP55-antisense, 5′-GCAGTCGACGTAGTAACTGGCATAGTCTA -3′.
The digested product was cloned into pENTR-UP-IT (27) to generate pENTR-
SKAP55ΔSH3. Separately, cDNA encoding amino acids 426-819 of murine ADAP was
PCR amplified using the following primers: SalI-ADAP-sense 5′-
GCAGTCGACCAAGATGGTGTCATGCACTCT –3′, and XmaI-ADAP-stop-antisense, 5′-
GACCCGGGCTAGTCATTGTCATAGATGCA -3′. The digested product was cloned in
frame into pENTR-SKAP55ΔSH3 to generate pENTR-SKAPΔSH3-ADAP(426-819) which
we designate as the SKAP/ADAP chimera. Deletion and point mutant constructs were
generated as previously described by site directed mutagenesis (Stratagene) (20) using
pENTR-HA-ADAP to generate HA-ADAPΔ1-425 or the SKAP/ADAP chimera to generate
the PH domain deletion or R131M mutation (20). To generate the GFP-SKAP55 expression
construct, FLAG-SKAP55 was excised from pEF-BOS using Sal I and Pml I and subcloned
in frame into the Sal I and Sma I sites of pEGFP-C1 (Clontech, Mountain View, CA) to
make pEGFP-FLAG-SKAP55. The Nhe I/Hpa I restriction fragment containing the entire
GFP-SKAP55 fusion was then subcloned into the Sma I site of pENTR-UP-IT by blunt
ligation. The R131M mutation to GFP-SKAP55 was generated by site-directed mutagenesis
as described above. All recombinant DNA sequences were verified using the University of
Minnesota Biomedical Genomics Center microsequencing facility.

Adenovirus production
Adenovirus expression plasmids not previously described were generated as described (20,
27) using recombination of pAD-PL-DEST (Invitrogen) with the various pENTR plasmid
constructs described above. The adenovirus was produced by transfecting purified Pac I
digested adenovirus expression plasmid into AD293 cells (Agilent Technologies, Santa
Clara, CA). Viral particles were cultured, purified and titered as previously described (20,
27).
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Conjugate assays
Flow cytometry-based conjugate assays were performed as previously described (13, 20).
Fresh control hCAR/DO11.10 and hCAR/DO11.10/ADAP−/− lymph node T cells were
transduced with adenovirus and incubated at 37C for three days as previously described
(20). Separately, fresh wild-type splenocytes were labeled with Cell Tracker Orange and
pulsed with OVAp for 30 minutes at 37C. An aliquot of transduced T cells was preexamined
to determine the percentage of DO11.10+Thy1.1+ cells and the prewarmed experimental
samples were then combined with the Cell Tracker Orange-labeled splenocytes at a ratio of
0.2 × 106 DO11.10+Thy1.1+ cells to 0.8 × 106 splenocytes. The cells were immediately
pelleted into a round-bottom plate, incubated for 10 min at 37C, vortexed on a plate mixer
for 20 seconds, and fixed with 1% paraformaldehyde. The samples were stained with anti-
Thy1.1-APC, anti-B220-PE-Cy5.5, and anti-D011.10 TCR FITC-conjugated KJ1-26 and
analyzed by flow cytometry using a FACSCalibur equipped with a high-throughput plate
reader. Conjugates were defined as KJ1-26+Thy1.1+ events co-staining with Cell Tracker
Orange and B220. Intracellular staining to verify transgene expression by flow cytometry
was performed as previously described (20). Based on expression of the construct of
interest, Thy1.1 expression levels were used to gate cells containing SKAP55 levels that
matched the endogenous level of SKAP55 protein observed in wild-type cells. Flow
cytometry data was analyzed using FlowJo software (Tree Star, Ashland, OR).

Western blotting
Western blotting was performed as previously described (20, 28). Briefly, freshly harvested
lymphocytes were transduced as described above and after 3 days were washed with PBS
containing 0.2% BSA and stimulated with 1 μg anti-CD3 (clone 2C11) and 0.1 μg anti-
CD28 per 3 × 106 cells in a 50 μl volume. Samples were lysed at the indicated time point by
the addition of 2% NP40 lysis buffer. The lysates were spun to pellet insoluble materials and
the supernatant added to 4X NuPAGE sample buffer (Invitrogen) and separated by SDS-
PAGE. For whole cell lysates, 1 million cell equivalents were loaded per lane. After western
transfer, PVDF membrane was blocked with 0.2% casein for 1 hr, primary antibody was
incubated 2 hours at room temperature or overnight at 4C in PBS/0.2% Casein/0.2%
Tween-20, washed with PBS containing 0.2% Tween-20, incubated for 1 hr in secondary
antibody in PBS/0.2% Casein /0.2% Tween-20, and finally washed with PBS/0.2%
Tween-20 and stored in PBS. The membrane was imaged with on Odyssey Infrared Imager
(LI-COR Biosciences, Lincoln, NE). Endogenous SKAP55 in β2 integrin
immunoprecipitations was detected using mouse anti-SKAP55 diluted in 2.5% nonfat milk
in PBS containing 0.2% Tween-20 followed by light-chain specific anti-mouse IgG
conjugated to horseradish peroxidase (Jackson Laboratories), developed with SuperSignal
West Femto Substrate (Pierce), and imaged on an ImageQuant LAS4000 workstation (GE
Healthcare).

Immunoprecipitation
To identify protein complexes by immunoprecipitation, cell lysates were stimulated with
anti-CD3/CD28 and lysed as described above at a density of 10 × 106 cells/200 μl. For
immunoprecipitation, anti-mouse β2 integrin CD18 (clone M18/4, Biolegend) or mouse
anti-Bcl10 was crosslinked to Gamma-bind Sepharose Plus beads (GE Healthcare,
Piscataway, NJ) at a ratio of 10 μg to 20 μl settled beads as previously described (20, 28).
Beads were added to cleared cell lysates and rotated overnight at 4C, washed with 1% NP40
lysis buffer and samples prepared for SDS-PAGE by resuspending the samples into 30 μl of
1X lysis buffer and bringing the samples to 1X SDS loading buffer and 5% β-
mercaptoethanol. For transduction and immunoprecipitation from CD4+ T cell blasts,
hCAR+/DO11.10 or hCAR+/DO11.10/ADAP −/− bulk splenocytes were stimulated with
PMA (100 ng/ml) and ionomycin (1 μg/μl) for 48h, followed by expansion with
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recombinant human IL-2 (5 IU/ml). After 9-10 days, T cell blasts were transduced with
adenovirus as previously described (20) except that an MOI of 50 was used at a density of 4
× 107 cells/ml. After 48h cells were analyzed for Thy1.1 expression to verify efficient
transduction and 80-100% of the T cells routinely expressed Thy1.1. Ten million cells per
condition were washed with PBS containing 0.2% BSA and stimulated at a concentration of
1 × 107 cells/300 μl. Anti-CD3 and anti-CD28 mAbs were added at 1μg or 0.1 μg per 50 μl
volume, respectively. After 15 mins preincubation on ice, cells were stimulated at 37C for
the indicated times and then lysed by slow addition of 2% NP40 lysis buffer (20, 28) and
then processed for immunoprecipitation. To detect reconstituted ADAP and SKAP55 in β2
immunoprecipitates, ADAP−/− cells expressing high levels of wild-type ADAP were
obtained by magnetic enrichment. Briefly, cells were stained with subsaturating FITC-
conjugated anti-Thy1.1 (eBiosciences, 0.04 μg per 5 × 107 cells) and anti-FITC microbeads
were then captured on MACS LS columns according to the manufacturer’s instructions
(Miltenyi). Thy1.1 expression on the recovered cells was verified by staining with saturating
APC-conjugated anti-Thy1.1. These cells contained levels of ADAP and SKAP55
comparable to wild-type cells as assessed by western blotting (data not shown). At least 3 ×
107 Thy1.1-high enriched cells were required in order to detect endogenous SKAP55 in β2
immunoprecipitations. Lysates were precleared with gamma-bind sepharose for 1h, and β-
mercaptoethanol was also omitted when eluting samples from the IP beads, to minimize the
amount of reduced immunoglobulin heavy chain that migrates just above endogenous
SKAP55 on the immunoblots.

RESULTS
Physical association of ADAP and SKAP55 is required for efficient T:APC conjugate
formation

The association between ADAP and SKAP55 is important for TCR-dependent increases in
LFA-1 function. Incubation of OVAp-pulsed splenocytes with naïve DO11.10 CD4 T cells
(32) promotes the formation of LFA-1 dependent T:APC conjugates in a peptide antigen-
dependent manner. We have used this system to show that DO11.10/ADAP−/− T cells show
a 30-50% decrease in the efficiency of T:APC conjugate formation (13, 20). We utilized
hCAR/D011.10 transgenic mice to allow expression of adenovirus-encoded proteins in naïve
antigen-specific primary murine T lymphocytes (33). Our recombinant adenoviruses also
encode an IRES-driven Thy1.1 (CD90.1) cell surface reporter for identification of
adenovirus-transduced cells. Consistent with previous observations (20), expression of wild-
type ADAP in ADAP−/− cells restores conjugate formation to levels similar to wild-type
DO11.10 T cells (Fig. 1A). Expression of ADAPΔ338-358 lacking the proline-rich SKAP55
binding site in ADAP, or forced expression of SKAP55 in the absence of ADAP, failed to
rescue T:APC conjugation formation (Fig. 1A), consistent with the requirement for
ADAP:SKAP55 interaction to promote efficient LFA-1 function.

ADAP−/− T cells display severely destabilized SKAP55 expression (20, 29), but
endogenous SKAP55 expression can be restored following reintroduction of wild-type
ADAP (Fig. 1B). In contrast, the ADAPΔ338-358 mutant does not restore endogenous
SKAP55. Thus, it remained a formal possibility that simultaneous expression of the
SKAP55 binding-deficient ADAPΔ338-358 construct along with SKAP55 could restore
T:APC conjugate formation. When we transduced hCAR/D011.10/ADAP−/− T cells with
adenoviruses expressing ADAPΔ338-358 and SKAP55, we were able to detect the presence
of both proteins in Thy1.1+ cells by flow cytometry (Fig. 1B). However, even when we
gated specifically on cells expressing high levels of Thy1.1, we were unable to rescue
T:APC conjugate formation with co-expression of ADAPΔ338-358 and SKAP55 (Fig. 1A).
This suggests that expression of SKAP55 is not sufficient to restore ADAP-dependent
regulation of integrin function when ADAP is unable to associate with SKAP55.
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Rescue of T:APC conjugate formation by expression of chimeric SKAP/ADAP protein
The major interaction site between ADAP and SKAP55 resides in the central proline-rich
domain of ADAP and the C-terminal SH3 domain of SKAP55. To decipher the mechanism
by which this constitutive protein complex responds to TCR signals, we reasoned that a
chimeric construct fusing the two proteins together into a single gene product would regulate
T cell conjugation to APCs similarly to the endogenous ADAP:SKAP55 complex. We
designed such a construct by removing the binding domains between the two proteins and
fusing the N-terminus of SKAP55 to the C-terminus of ADAP. The chimera was constructed
with the N-terminal 299 amino acids of SKAP55, deleting the C-terminal SH3 region of
SKAP55. This portion of SKAP55 was fused to the C-terminal 393 amino acids of ADAP,
deleting the N-terminus and the central proline-rich SKAP55-binding domain of ADAP.
This molecule (hereafter designated SKAP/ADAP chimera or S/A) thus lacks the regions
normally required for ADAP:SKAP55 interaction but still retains the putative sites for
signaling (Fig. 2A).

We transduced naive hCAR/DO11.10 T cells with the SKAP/ADAP chimera and performed
Western blotting with an anti-ADAP antibody that recognizes the C-terminus of ADAP (Fig.
2B, upper blot) and with an anti-FLAG antibody (data not shown) to verify expression of the
construct in whole cell lysates. The molecular mass of the SKAP/ADAP chimera is ~110
kDa, slightly smaller than that of endogenous wild-type ADAP (Fig. 2B, upper blot).
Expression of the SKAP/ADAP chimera was also verified in naive hCAR/DO11.10/
ADAP−/− T lymphocytes by flow cytometry with intracellular staining using anti-SKAP55
and anti-ADAP antibodies (Fig. 2C). In T cells expressing high levels of the Thy1.1
adenovirus marker, we routinely observed levels of expression of the SKAP/ADAP chimera
that exceeded levels of endogenous SKAP55 expression in control wild-type T cells, as
assessed by intracellular staining with an anti-SKAP55 antibody. The anti-ADAP antibody
used for intracellular staining recognizes the N-terminus of ADAP and thus does not
recognize either the SKAP/ADAP chimera or the ADAPΔ1-425 control construct lacking
the ADAP N-terminus (Fig. 2C top row). Importantly, while ectopic SKAP55 is readily
detected in ADAP−/− cells via intracellular staining following transduction of the SKAP/
ADAP chimera (Fig. 2C), Western blotting for SKAP55 indicates that this staining is not
due to upregulation of any endogenous SKAP55 as indicated by an absence of the ~50 kDa
band for endogenous SKAP55 that is observed in wild-type cells (Fig. 2B, lower blot).

We next evaluated T:APC conjugate formation of ADAP−/− cells expressing the SKAP/
ADAP chimera. Since the SKAP/ADAP chimera is expressed in abundance compared to
endogenous SKAP55 in wild-type cells (Fig. 2C, middle row), we analyzed conjugate
formation by specifically gating on cells expressing SKAP55 similar to the levels of
endogenous T cells. Thus, ADAP−/− cells expressing the SKAP/ADAP chimera were gated
on Thy1.1lo while cells expressing ADAP or SKAP55 required gating on Thy1.1hi to ensure
that the cells analyzed contained endogenous levels of SKAP55 (boxes in Fig. 2C).
ADAP−/− T cells expressing the SKAP/ADAP chimera showed a rescue of conjugate
efficiency at levels similar to wild-type cells or ADAP−/− cells expressing wild-type ADAP
(Fig. 2D). By contrast, expression of either SKAP55 alone or the C-terminal portion of
ADAP contained in the SKAP/ADAP chimera (ADAPΔ1-425) failed to rescue T:APC
conjugate formation in T cells lacking ADAP (Fig. 2D). Together, these results indicate that
the SKAP/ADAP chimera contains essential regions of both SKAP55 and ADAP that, when
fused, are sufficient for TCR dependent integrin activation in the absence of endogenous
ADAP and SKAP55.
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The SKAP55 PH domain is required for efficient T:APC conjugate formation
We next used the SKAP/ADAP chimera as a platform to perform mutational and functional
analysis to identify critical regions in SKAP55 that drive ADAP-dependent T:APC
conjugate formation. In initial deletion mutagenesis studies, we observed that removal of the
PH domain (aa 105-204) of SKAP55 severely impaired the ability of the SKAP/ADAP
chimera to rescue T:APC conjugate formation in ADAP−/− T cells (Fig. 3A). Analysis of the
recently reported crystal structure of the SKAP55 homolog SKAP-HOM revealed a novel
intramolecular interaction between the N-terminus and the PH domain of SKAP-HOM (21).
This association, which is constitutive under basal conditions, has been proposed to function
as a switch such that PI[3,4,5]P3 abundance opens the intramolecular interaction and
unmasks a PI[3,4,5]P3 binding site at R140 in the PH domain of SKAP-HOM, ultimately
serving to recruit SKAP-HOM to actin-rich membrane ruffles. Alignment of the highly
similar PH domains of SKAP-HOM and SKAP55 (21) (see also Fig. 3B) reveals extensive
amino acid identity near the critical R140 residue in SKAP-HOM (R131 in SKAP55). To
test the functional significance of this residue in the PH domain of SKAP55, we mutated
amino acid 131 in the SKAP/ADAP chimera to methionine (R131M). The SKAP/ADAP
R131M mutant chimera was expressed equivalently to the intact SKAP/ADAP chimera in
hCAR/D011.10/ADAP−/− T cells (Fig. 3C). We present data from a Thy1.1lo gate of
ADAP−/− cells expressing the SKAP/ADAP chimera, to identify ADAP−/− cells expressing
the chimera at physiological levels similar to that of endogenous SKAP55 found in wild-
type cells (boxes in Fig. 3C). Interestingly, when DO11.10/ADAP−/− T cells expressing the
R131M mutant were analyzed for T:APC conjugate formation, we consistently observed
impaired rescue of conjugate formation, to levels only slightly above that of DO11.10/
ADAP−/− T cells expressing the control adenovirus (Fig. 3D, light grey hatched bars). By
contrast, the intact SKAP/ADAP chimera again rescued T:APC conjugate formation to
levels at or above what we observed in wild-type DO11.10 T cells (Fig. 3D, dark grey
hatched bars). As an internal negative control, we also ectopically expressed native
SKAP55, which does not rescue T:APC conjugate formation in ADAP−/− T cells. Because
wild-type levels of SKAP55 re-expression in the absence of ADAP are only achieved in
Thy1.1hi cells, an additional Thy1.1hi gate is also presented (Fig. 3D, grey dotted bars).
Together, these experiments reveal a previously unrecognized importance for the PH
domain of SKAP55 in controlling ADAP-dependent T:APC conjugate formation.

The SKAP55 PH domain is required for recruitment to LFA-1 integrin adhesion complexes
Recent studies have demonstrated that SKAP55 and RapL can be biochemically isolated
with LFA-1 integrin adhesion complexes (31, 34, 35). Because SKAP55 is insufficient to
control T:APC conjugate formation in the absence of ADAP, we speculated that ADAP
would also be recruited to LFA-1 upon TCR stimulation. Indeed, when the LFA-1 β2
integrin subunit CD18 is immunoprecipitated from CD3/28-stimulated wild-type mouse T
cells, we observed an accumulation of ADAP in these integrin complexes after 5-10 min of
stimulation (Fig. 4A). As expected, endogenous SKAP55 was also detected in the CD18 IP
complexes from wild-type cells following TCR stimulation (Fig. 4A). Since rescue of
T:APC conjugate formation in ADAP−/− T cells critically depends on the expression of both
ADAP and SKAP55, we also verified that endogenous SKAP55 could be detected along
with ectopic ADAP in β2 immunoprecipitates from ADAP−/− cells reconstituted with wild-
type ADAP. Indeed, when ADAP−/− cells enriched for reconstitution of ADAP to wild-type
levels were subjected to CD3/CD28 stimulation, SKAP55 could be detected in β2
immunoprecipitates from these cells. The specificity of this ADAP and SKAP55
immunoblotting is shown by the input lysate from unstimulated cells and by the lack of
signal in ADAP−/− T cells under identical stimulation (Fig. 4A,B, and data not shown).
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We next asked whether the SKAP/ADAP chimera or the SKAP/ADAP chimera with the
R131M mutation in the SKAP55 PH domain could associate with LFA-1 following T cell
activation. ADAP−/− T cells expressing the SKAP/ADAP chimera without or with the
R131M PH domain mutation were stimulated with anti-CD3/28 and then cell lysates were
subjected to anti-CD18 immunoprecipitation. We detected the recruitment of the SKAP/
ADAP chimera to LFA-1 integrin complexes at 2-5 minutes of CD3/CD28 stimulation. By
contrast, the R131M domain mutant was not efficiently recruited to LFA-1 at any time point
examined (Fig. 4B). Anti-SKAP55 blotting of input cell lysate from unstimulated samples
showed equal expression of both chimeric constructs, and antibodies against the β2 integrin
subunit showed equal recovery of the integrin chain (Fig. 4B). Taken together with the
above adhesion assays, these results suggest that the SKAP55 PH domain is important for
both SKAP55 recruitment into TCR-dependent integrin adhesion complexes and for the
functional ADAP-dependent activation of LFA-1 integrins.

The SKAP55 PH domain impairs ADAP-dependent NF-κB activation
In addition to controlling TCR-dependent integrin-mediated adhesion through interaction
with SKAP55, ADAP is also critical for activation of the NF-κB transcription factor
following TCR stimulation (27). Activation of NF-κB downstream of the TCR requires
assembly of the CBM complex and we have previously shown that the ADAP C-terminus
interacts with both CARMA1 and the TAK1 kinase such that ADAP C-terminal mutants
deficient for binding either CARMA1 or TAK1 fail to rescue NF-κB activation defects in
ADAP−/− T cells (27, 28). Because the SKAP/ADAP chimera contains the entire ADAP C-
terminus including both CARMA1 and TAK1 binding domains (see Fig. 2A), we speculated
that the SKAP/ADAP chimera would be able to rescue defects in CD3/CD28-mediated IκB
degradation and phosphorylation when expressed in ADAP−/− T cells. We stimulated and
prepared whole-cell lysates from naïve wild-type or ADAP−/− T cells expressing either
control virus, wild-type ADAP, the CARMA1 binding Δ426-541 mutant of ADAP
(ADAPΔCAR), or the SKAP/ADAP chimera. As expected, stimulation of wild-type T cells
resulted in normal activation of the NF-κB pathway, typified by IκBα phosphorylation that
is detected after 15 min of stimulation, followed by loss of total IκBα due to degradation,
which is assessed after 45 min (Fig. 5A, Ctrl cells). By comparison, ADAP−/− cells
transduced with a control adenovirus expressing Thy1.1 demonstrated defective NF-κB
activation in that CD3/28 stimulation failed to induce IκB phosphorylation after 15 min and
degradation after 45min. Consistent with previous observations (27, 28), expression of wild-
type ADAP, but not ADAPΔCAR, in ADAP−/− cells restored IκBα phosphorylation and
degradation. Surprisingly, expression of the SKAP/ADAP chimera failed to rescue the NF-
κB pathway downstream of CD3/CD28 stimulation (Fig. 5A and 5B, +S/A lanes). By
contrast, expression of the SKAP/ADAP R131M mutant restored CD3/CD28-mediated
activation of NF-κB in ADAP−/− cells, as assessed by the rescue of IκB phosphorylation and
eventual degradation (Fig. 5B, + RM lanes). To determine if the SKAP/ADAP chimera
could interact with the CBM complex, we immunoprecipitated Bcl10 from naive ADAP−/−

T cells expressing the SKAP/ADAP chimera or the SKAP/ADAP R131M mutant chimera.
While the SKAP/ADAP chimera was not detected in Bcl10 immunoprecipitates following 5
to 15 minutes of anti-CD3/28 stimulation, the SKAP/ADAP R131M mutant was robustly
recruited into the Bcl10 complex as early as 5 minutes after stimulation and was sustained
until at least 15 minutes (Fig. 5 C,D), consistent with the rescue of NF-κB signaling
observed with this construct.

Because only the SKAP/ADAP R131M mutant chimera was able to rescue NF-κB
activation or associate with Bcl10 in ADAP−/− T cells (Fig. 5B,C), we next speculated that
changes in SKAP55 expression may modulate ADAP-dependent NF-κB activation. To test
this hypothesis, we overexpressed a FLAG-tagged form of wild-type SKAP55, a GFP-

Burbach et al. Page 9

J Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SKAP55 fusion protein, or a GFP-SKAP55/R131M mutant fusion protein in naïve wild-type
T cells. In Western blots, we consistently observed that ectopic expression of SKAP55 in
wild-type T cells diminished the expression of endogenous SKAP55, consistent with a finite
size for the SKAP55 pool in T cells (Fig. 6A, lower panels showing western blot for total
SKAP55). Overexpression of either FLAG-SKAP55 or GFP-SKAP55 reduced the extent of
IκBα phosphorylation at 15 minutes and impaired its full degradation at 45 minutes
compared to control T cells (Figs. 6A and 6B). In contrast, wild-type T cells overexpressing
GFP-SKAP55 containing the R131M mutation exhibited normal IκBα phosphorylation and
degradation at 15 and 45 minutes, respectively, that was comparable to wild-type T cells
transduced with a control adenovirus (Fig. 6B). This was not due to effects of the R131M
mutation on expression of GFP-SKAP55, as the GFP-SKAP55/R131M mutant was
expressed at similar levels to the GFP-SKAP55 protein (Fig. 6, top 2 panels respectively).
These observations are consistent with a model where arginine 131 in the PH domain of
SKAP55 controls the extent of TCR dependent NF-κB activation by defining a pool of
ADAP that is restricted from regulating the CBM complex (Fig. 7).

DISCUSSION
This study investigated the mechanism by which distinct biochemical pools of ADAP
control integrin activation and NF-κB signaling following TCR stimulation of primary
murine T lymphocytes. We tested the hypothesis that the physical association of ADAP with
SKAP55 not only regulates integrin activation following TCR stimulation but also
attenuates NF-κB activation by controlling the ability of ADAP to interact with the CBM
complex. We have identified an arginine motif (R131) in the PH domain of SKAP55 that is
required for the recruitment of the ADAP:SKAP55 complex to LFA-1 integrins and
subsequent ADAP-dependent T:APC conjugate formation, and restrains efficient NF-κB
activation (Fig. 7A).

Although the constitutive association of ADAP and SKAP55 is critical for efficient TCR-
mediated activation of integrins (18, 20), the precise mechanism by which this scaffolding
complex triggers changes in integrin function remains unclear. SKAP55 is obligately
associated with ADAP(29, 30), while studies with both Jurkat T cells and ADAP−/− T cells
have shown that there is a biochemical and functional pool of ADAP in T cells that is not
associated with SKAP55 and regulates NF-κB signaling (22, 27, 28). In this study, we
utilized the fact that ADAP−/− T cells lack expression of both endogenous ADAP and
SKAP55 in order to define the mechanism by which the ADAP:SKAP55 complex
specifically regulates integrin activation but not NF-κB activation.

We developed a SKAP/ADAP chimeric molecule consisting of the N-terminus of SKAP55
fused in frame to the C-terminus of ADAP. This chimera was efficiently expressed and did
not induce upregulation of endogenous SKAP55, allowing us to analyze T cells where all of
the ADAP was constitutively associated with SKAP55. Importantly, the chimera efficiently
rescued conjugate formation defects in ADAP−/− T cells, demonstrating that these minimal
domains of SKAP55 and ADAP are sufficient for integrin activation in a system where
neither protein is endogenously expressed. It has been speculated by several investigators
that SKAP55 contributes key integrin regulatory information to the ADAP:SKAP55
complex (18, 20, 21, 31). The SKAP/ADAP chimera allowed us to define a novel function
for the PH domain of SKAP55 in regulating conjugate formation by controlling the
localization of the ADAP:SKAP complex to integrins (Fig. 7B). We focused on the SKAP55
PH domain because of recent crystallographic studies of the SKAP55 homolog SKAP-HOM
(SKAP55R; SKAP2) (21). This work demonstrated that mutation of R140 in the PH domain
of SKAP-HOM to methionine abrogated the binding of the SKAP-HOM PH domain to
PI[3,4,5]P3 and the recruitment of SKAP-HOM to actin-rich membrane ruffles (21). These

Burbach et al. Page 10

J Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



findings are consistent with the known role of other PH domains in recruiting proteins to
sites of phosphoinositide synthesis (36) and are particularly intriguing given the role of PI3K
in inside-out integrin activation (36, 37). Interestingly, the PH domain in SKAP-HOM is
atypical in that it folds into a novel intramolecular interaction with another domain within
SKAP-HOM that controls SKAP-HOM dimerization, resulting in constitutive dimers of
SKAP-HOM that contain masked PI[3,4,5]P3 binding sites (21). High concentrations of
PI[3,4,5]P3 release the PH domain from this intramolecular association, allowing for SKAP-
HOM recruitment to membranes rich in PI[3,4,5]P3. Although this has yet to be
demonstrated, the high sequence identity and homology between the PH domains of SKAP-
HOM and SKAP55 suggest that SKAP55 may also undergo similar PI[3,4,5]P3 dependent
conformational switching and membrane recruitment via its PH domain (21, 31).

Consistent with this model, we found that removal of either the entire PH domain or
mutation of the conserved arginine at position 131 in the SKAP/ADAP chimera to
methionine severely impaired the rescue of T:APC conjugate formation in ADAP−/− T cells,
likely tracing to the impaired accumulation of the SKAP/ADAP chimera with LFA-1
adhesion complexes observed following CD3/28 simulation (Fig. 7C). Our results provide
direct structural and functional demonstration of an integrin-regulatory domain within
SKAP55 that is distinct from the ADAP-binding SH3 domain. In addition, our findings
establish in primary T lymphocytes a model where the SKAP55 PH domain senses activated
T cell membranes and thereby targets the ADAP:SKAP55 complex to LFA-1 integrins.

It is currently not known how PI[3,4,5]P3 dependent conformational shifts in the SKAP55
PH domain promote T:APC conjugate formation via association with LFA-1. One likely
possibility is that there exist high concentrations of TCR-dependent signaling lipids in
membranes that are also rich in integrin heterodimers, bringing the SKAP55:ADAP
complex into close proximity with these integrins. Current models of integrin activation
propose that recruitment of the small GTPase Rap1 and its effectors RIAM and RapL are
critical final steps required for integrin activation (38, 39). A role for the SKAP55 PH
domain in recruiting the SKAP:ADAP complex to integrins is consistent with this model, as
both RIAM and RapL have been identified as binding partners for SKAP55 (19, 31). While
no RIAM binding site within SKAP55 has yet been defined, RapL appears to bind the N-
terminus of SKAP55 (31). It is unclear whether RapL binding would affect SKAP55
constitutive homodimerization through this domain, but one scenario is that the opened PH
domain exposes part of the N-terminal dimerization domain to trigger RapL binding, further
recruiting the ADAP:SKAP complex to PI[3,4,5]P3 rich membranes where RapL can
recognize the αL integrin chain of LFA-1 (34). It is also not known why the ADAP/SKAP55
complex does not fully account for all TCR-dependent LFA-1 activation in T cells, as
evidenced by the observation that ADAP−/− T cells show only a partial reduction in T:APC
conjugate formation. Since ADAP appears to be most critical in situations of weak or
limiting antigen stimulation (13), this suggests the existence of ADAP-independent modes
of integrin activation downstream of the TCR. One possibility is that since Rap1 activation
is normal in the absence of ADAP (18), this pool of activated Rap1 may positively regulate
integrin activation even in the context of the defective Rap1 plasma membrane targeting that
has been reported in ADAP−/− cells (18).

In addition to the targeting information provided by SKAP55, the requirement for the ADAP
C-terminus on the SKAP/ADAP chimera in our present work reinforces previous findings
pointing to the importance of the ADAP C-terminus towards LFA-1 integrin activation (18,
20). Since ADAP inducibly associates with the SH2 domain of SLP-76 (40-42), it remains
likely that phosphorylation of the ADAP C-terminus following TCR simulation couples
ADAP to the LAT/SLP-76 complex. In contrast, other studies have placed ADAP within
LFA-1 outside-in signaling pathways following TCR and LFA-1 costimulation (43, 44),
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suggesting that additional levels of ADAP regulation may be operative in activated T cells.
In addition, a number of previously unrecognized phosphorylated tyrosine residues in the
ADAP C-terminus as well as novel ADAP interacting proteins have recently been reported,
including cytoskeletal regulatory proteins such as Dock2 and Nck (45-47). These results are
consistent with a proposed role for ADAP in controlling TCR-dependent cytoskeletal
rearrangements (48, 49). Future studies using well controlled systems such as ADAP−/−

cells expressing C-terminal tyrosine or actin-binding mutants of the SKAP/ADAP chimera
could help clarify these signaling networks. In addition, the atypical helical SH3 domains
within the ADAP C-terminus have been reported to bind negatively charged phospholipids
and potentially alter adhesion to immobilized integrin ligands (50, 51). Future studies will
need to address whether lipid- or phosphoinositide- binding cooperativity exists involving
the PH domain of SKAP55 and the helical SH3 domains of ADAP.

ADAP has recently emerged as a key regulator of TCR dependent NF-κB activation (27).
This pathway depends on C-terminal amino acid motifs in ADAP that are distinct from the
central SKAP55 binding domain in ADAP. Surpisingly, the SKAP/ADAP chimera did not
rescue NF-κB activation in ADAP−/− cells despite containing the sites in ADAP critical for
binding to CARMA1 and TAK1. However, the SKAP/ADAP R131M mutant, which is
unable to efficiently rescue integrin function when expressed in ADAP−/− T cells, is able to
restore NF-κB activation, suggesting that the intact SKAP55 PH domain plays a previously
unappreciated role in excluding bound ADAP from interacting with the CBM complex even
in TCR stimulated cells. Since SKAP55 is limiting in T cells, increases in SKAP55
expression might reduce the amount of ADAP able to interact with the CBM signalosome
and promote NF-κB activation. Our finding that over-expression of wild-type SKAP55 in
wild-type T cells impairs IκB phosphorylation and degradation is consistent with this model.
In contrast, over-expression of the SKAP55/R131M mutant did not affect CD3/CD28-
mediated activation of NF-κB. Overall, our results are consistent with the hypothesis that the
fraction of ADAP that associates with SKAP55 is recruited by the PH domain of SKAP55 to
integrins and thus impairs ADAP from interacting with the CBM signalosome and
regulating the NF-κB pathway (Fig. 7).

In summary, our results demonstrate a critical function for the SKAP55 PH domain not only
in controlling integrin function via recruitment of ADAP/SKAP complexes to integrins, but
also in controlling the ability of ADAP to interact with the CBM signalosome and regulate
NF-κB (Fig. 7). The ability to modulate NF-κB activation by changing levels of SKAP55
expression in T cells suggests the intriguing possibility that changes in the expression
patterns of SKAP55 and/or ADAP during the course of T cell activation may be a
mechanism by which T cells modulate this critical transcription factor signaling pathway.
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Figure 1. Impaired conjugate efficiency in the absence of ADAP and SKAP55 interaction
(A) Naïve hCAR/DO11.10 (WT) or hCAR/DO11.10/ADAP−/− (KO) CD4 T cells were
transduced with control (Ctrl) Thy1.1 adenovirus or the indicated ADAP or SKAP55
expression construct(s). After 3d, the transduced cells were incubated with OVAp-pulsed
splenic B cells and analyzed by flow cytometry for efficiency of T:APC conjugate formation
as described in Material and Methods. (B) Intracellular staining for ADAP or SKAP55 was
performed on the cells transduced in (A), and plotted versus Thy1.1 expression. Conjugates
depicted in A were gated on the top one-third of the Thy1.1 gate to ensure that SKAP55 and/
or ADAP levels were comparable to endogenous SKAP55 and/or ADAP expression in wild-
type control cells. Results for both the conjugate assays and the intracellular staining are
representative of at least 3 independent experiments.
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Figure 2. A SKAP/ADAP chimeric fusion protein restores T:APC conjugate formation in
ADAP−/− T cells
(A) Schematic diagram of key expression constructs used in this study. Amino acid
numbering is given for the murine ADAP p130kDa isoform and for human SKAP55. PRO,
proline-rich domain; E/K, glutamic acid and lysine-rich domain; hSH3N or hSH3C, N-
terminal or C-terminal helical SH3 domain; PH, pleckstrin homology domain. Asterisks
indicate the positions of key tyrosine residues (547/549/584/615/687) that have been
reported for SLP-76 and Fyn binding to ADAP. The SKAP/ADAP chimera is a 692 aa
molecule comprised of the N terminal 299 aa of human SKAP55 fused to the C-terminus of
murine ADAP beginning at aa426. (B) Western blot analysis of SKAP55 and ADAP
expression in whole cell lysates prepared from naïve wild-type (WT) or ADAP−/− (KO)
cells expressing the indicated construct. (C) Naïve hCAR/DO11.10 (WT) or hCAR/
DO11.10/ADAP−/− (KO) T cells were transduced for 3d with adenovirus for the indicated
construct, fixed, and analyzed by intracellular staining for ADAP (N-terminus), SKAP55, or
the HA-Tag. (D) Conjugate assays were performed as in Figure 1. The conjugate efficiency
was evaluated from the Thy1.1 gated boxes depicted in panel C, to ensure that the level of
the SKAP/ADAP chimera and the control constructs matched that of endogenous SKAP55
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observed in wild-type control cells. Results are representative of at least 4 independent
experiments for each construct.
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Figure 3. The R131 amino acid residue in the SKAP55 PH domain is critical for efficient ADAP-
dependent T:APC conjugate formation
(A) Naïve hCAR/DO11.10 (WT) or hCAR/DO11.10/ADAP−/− (KO) T cells were
transduced with the indicated constructs and conjugate assays were performed as described
in Figures 1-2. The SKAP/ADAPΔPH construct (S/AΔPH) lacks the entire 100 aa PH
domain of SKAP55. (B) Amino acid alignment of SKAP-HOM and SKAP55 depicting the
lipid binding region of the PH domain. Arginine 140 in SKAP-HOM corresponds to R131 in
SKAP55. (C) Expression of SKAP55, SKAP/ADAP, or SKAP/ADAP R131M (S/A
R131M) in naïve hCAR/DO11.10/ADAP−/− T cells. Note that the highest levels of SKAP55
expression achieved in the absence of ADAP (Thy1.1hi cells; boxed gate marked “Hi” in
middle panel) approach the levels of endogenous SKAP55 found in naïve wild-type T cells,
and correspond to the SKAP55 level found in Thy1.1lo cells expressing the SKAP/ADAP
chimera or the SKAP/ADAP R131M mutant. (D) Conjugate assays were performed as
described in Figures 1-2. T cells were gated on Thy1 lo cells (leftmost gate on each plot in
C) to match endogenous levels of SKAP55 found in wild-type cells. For comparison, the
conjugate efficiency of Thy1.1hi cells following SKAP55 expression alone in ADAP−/− is
also shown (SKAP55Hi). Similar results were obtained in at least 4 independent
experiments.
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Figure 4. The SKAP55 PH domain is required for TCR-dependent recruitment to β2 integrins
(A) hCAR/DO11.10 (WT) CD4 T cell blasts were stimulated for the indicated times with
anti-CD3/CD28. The cells were lysed and subjected to anti-β2 (CD18) integrin
immunoprecipitation. Western blots were probed for ADAP, SKAP55 and for the β2
integrin. Whole cell lysate inputs (lower 2 panels) are shown to demonstrate ADAP and
SKAP55 expression. (B,C) hCAR/DO11.10/ADAP−/− (ADAP KO) T cell blasts were
transduced with the indicated adenovirus constructs and stimulated and immunoprecipitated
for β2 integrin as in (A). Western blots were probed with antibodies against ADAP and
SKAP55 to detect ADAP and SKAP55 (B) or the SKAP/ADAP chimera (C), and with
antibodies against the β2 integrin to detect the immunoprecipitated CD18 integrin subunit.
Whole cell lysate inputs (lower panels) are shown to demonstrate expression of ADAP,
SKAP55, and the SKAP/ADAP chimera, and activation was confirmed by blotting for
phosphoERK. Similar results were observed in 4 independent experiments.
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Figure 5. The SKAP55 PH domain inhibits ADAP-dependent NF-κB activation
(A) Naïve hCAR/DO11.10 (WT) and hCAR/DO11.10/ADAP−/− (ADAP KO) T cells were
transduced with control Thy1.1 adenovirus or adenovirus expressing wild-type ADAP
(WT), ADAPΔCAR (ΔCAR), or SKAP/ADAP chimera (S/A). After 3d, cells were
stimulated with anti-CD3/CD28 for the indicated times (minutes) and lysates prepared.
Western blots were probed with antibodies to total IκBα and phospho-IκBα to demonstrate
IκBα degradation and phosphorylation, respectively. (B) Western blots from hCAR/
DO11.10 and hCAR/DO11.10/ADAP−/− T cells expressing the indicated constructs were
performed as in A. RM; SKAP/ADAP R131M mutant. (C) T cells were transduced and
stimulated for 15 min as in (A-B) and subjected to immunoprecipitation with mouse anti-
Bcl10 antibodies. Immune complexes were analyzed by Western blot with rabbit anti-
SKAP55 antibody to detect the appearance of the SKAP/ADAP chimera in the Bcl10
complex. Whole cell lysates are shown in the lower 3 panels and were probed with anti-
SKAP55 (to detect the SKAP/ADAP chimera), anti-ADAP, or rabbit anti-Bcl10. (D) T cells
from hCAR/DO11.10/ADAP−/− mice were transduced with the indicated constructs as in
(C) and stimulated for the indicated times followed by Bcl10 immunoprecipitation and
western blotting as described for (C). Similar results were obtained in 3 independent
experiments for each panel.
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Figure 6. The SKAP55 PH domain suppresses endogenous NF-κB activation
(A) Naïve wild-type hCAR T cells were transduced with adenoviruses to overexpress
SKAP55 (F-SK55), GFP-SKAP55 (GFP SK55), or GFP-SKAP55-R131M (GFP R131M).
Upper 2 panels, Western blots were performed as in A and B to detect total IκBα or
phosphorylated IκBα (p-IκB). Lower 2 panels, Western blots for SKAP55 and ADAP are
depicted showing expression of endogenous SKAP55 (Endog. SK55), FLAG-SKAP55 (F-
SKAP55), or GFP-SKAP55 (GFP-SKAP55) and equal expression of ADAP in all samples.
Results are representative of 3 independent assays performed. (B) Quantification of total
IκBα degradation following CD3/CD28 stimulation as described in A. Results are
normalized to IκBα densitometry values from the unstimulated samples, and averaged
between 3 independent experiments performed. Asterisk (*) indicates P < 0.05 compared to
the wild-type control condition within each time point using Bonferroni’s multiple
comparison test of the one-way ANOVA. n.s., P>0.05.
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Figure 7. Model for ADAP and SKAP55 control of LFA-1 integrin activation and NF-κB
activation
(A) In wild-type T cells, TCR stimulation promotes ADAP phosphorylation (P) and
activation of the constitutively associated ADAP:SKAP55 adapter module. Positively
charged arginine 131 (R131) in the SKAP55 pleckstrin homology (PH) domain recruits and
restricts the complex to negatively charged phosphoinositides (such as PIP3) in the plasma
membrane. Downstream integrin activation components including Rap1 and a putative
Rap1-GEF are provided through ADAP and the Rap1 effectors RIAM and/or RapL through
SKAP55 are recruited to LFA-1 for promotion of integrin activation. Only free excess
ADAP is available for concurrent assembly of the CARMA-1/Bcl10/Malt1 (CBM) complex,
which initiates IκB phosphorylation/degradation and release of NFκB to the nucleus. (B)
The SKAP/ADAP chimera is exclusively recruited to the integrin pathway. As there is no
excess ADAP that is not associated with SKAP55 in ADAP−/− T cells expressing the
chimera, no free ADAP is available for NF-κB activation. (C) In ADAP−/− cells expressing
the R131M mutation in the SKAP/ADAP chimera, SKAP55 PH domain-mediated
interaction of the chimera with membrane lipids is attenuated. This allows the chimera
(through the ADAP C-terminus) to engage the CBM complex and promote NF-κB
activation.
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