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Abstract

The B2-integrin lymphocyte function-associated antigen-1 (LFA-1) is needed for T cell
receptor (TCR) induced activation of LFA-1 to promote T cell adhesion and interaction with
antigen presenting cells (APCs). LFA-1-mediated cell-cell interactions are critical for proper
T cell differentiation and proliferation. The Src Kinase-Associated Phosphoprotein of 55 kDa
(SKAPS55) is a key regulator of TCR-mediated LFA-1 signaling (inside-out/outside-in
signaling). To gain understanding of how SKAPS55 controls TCR-mediated LFA-1 activation,
we assessed the functional role of its Pleckstrin Homology (PH) domain. We identified two
critical amino acid residues within the PH domain of SKAPSS5, aspartic acid 120 (D120) and
lysine 152 (K152). D120 facilitates retention of SKAP55 in the cytoplasm of non-stimulated
T cells while K152 promotes SKAP55 membrane recruitment via Actin binding upon TCR-
triggering. Importantly, the K152-dependent interaction of the PH domain with Actin
promotes the binding of Talin to LFA-1 thus facilitating LFA-1 activation. These data suggest
that K152 and D120 within the PH domain of SKAP55 regulate plasma membrane targeting

and TCR-mediated activation of LFA-1.
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Introduction

For proper lymphocyte function, T cells interact with antigen presenting cells (APCs) that
display foreign peptide antigen/major histocompatibility complexes (Ag/MHC-complexes)
that are recognized by the clonotypic T cell receptor (TCR). The individual interactions
between T cells with APCs strongly depend on the activation of the f2-integrin lymphocyte
function-associated antigen-1 (LFA-1). On non-activated T cells, LFA-1 is expressed in an
inactive conformation and exhibits a low affinity for its ligand Intercellular Adhesion
Molecule-1 (ICAM-1). Triggering of the TCR by Ag/MHC-complexes or monoclonal
antibodies induces a conformational change of LFA-1 that increases its affinity for [CAM-1
(affinity modulation) and facilitates clustering of LFA-1 (avidity regulation), a process termed
»inside-out signaling®. Subsequently, the interaction between ICAM-1 and LFA-1 transmits a
co-stimulatory signal into T cells, thereby driving their activation, differentiation, and

proliferation; a process termed ,,outside-in signaling® (1, 2).

Several molecules have been shown to play critical roles for TCR-mediated activation of
LFA-1. Among these are the LFA-1-associated Talin, the GTPase Rapl, and its binding
partners Regulator for cell Adhesion and Polarization enriched in Lymphoid tissues (RAPL)
and Rapl Interacting Adapter Molecule (RIAM). Loss of these molecules attenuates TCR-
mediated adhesion, interaction with APCs and affinity/avidity regulation of LFA-1 (2-7).
Besides these molecules, additional adapter proteins are involved in TCR-mediated LFA-1
activation. These include the transmembrane adapter protein Linker of Activation of T cells
(LAT) and cytosolic adapter proteins such as SH2 domain containing Leukocyte
Phosphoprotein of 76 kDa (SLP-76), Adhesion and Degranulation promoting Adapter Protein

(ADAP), and Src Kinase-Associated Phosphoprotein of 55 kDa (SKAPS5) (8)
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Analysis of ADAP™" T cells revealed defects in LFA-1-mediated adhesion, avidity modulation,
and consequently an impaired interaction of T cells with APCs in vitro and in vivo (9-13).
ADAP possesses a central proline rich region, two helical Src homology 3 (SH3) domains,
and one Ena/VASP homology 1 (EVH1) binding domain (8). Via its proline-rich region,
ADAP directly and constitutively interacts with another adapter protein, SKAPS55 (Marie-
Cardine et al., 1997). This constitutive interaction with ADAP protects SKAP55 from
degradation (14, 15). Consequently, ADAP™ T cells are also deficient for SKAP55 (11, 15).
Similar to ADAP, loss of SKAPS55 in T cells leads to defective TCR-mediated LFA-1
function and attenuated T cell/APC interactions and is termed here the ADAP/SKAP55-

module (11, 12, 15, 16).

SKAPS55 possesses a Dimerization (DM) domain followed by a Pleckstrin Homology (PH)
domain and a C-terminal SH3 domain (interaction site with ADAP) (17, 18). Via the DM
domain SKAPS55 constitutively interacts with RAPL and RIAM (18-21). Loss of SKAPS5S5 or
deletion of the DM domain abrogates membrane targeting of RAPL, RIAM, and Talin and
also their interaction with LFA-1 (18-22). This indicates that the interaction of RAPL and

RIAM with the DM domain of SKAPS55 is crucial for TCR-mediated LFA-1 activation.

In contrast to the DM domain, the role of the PH domain of SKAP55 for TCR-mediated LFA-
1 activation is still controversial. Two studies reported that deletion of the PH domain or
mutation of arginine 131 (R131) within the PH domain of SKAPSS5 impairs adhesion and
conjugate formation of T cells with APCs (12, 21). In contrast, two other reports showed that
neither deletion of the PH domain within full-length SKAPS55 nor overexpression of the

isolated PH domain of SKAPS5S5 alters TCR-mediated adhesion (15, 18).
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We here investigated the functional role of the PH domain within SKAPSS for TCR-mediated
LFA-1 activation. We show that the isolated PH domain of SKAPS55 has a preference for
PI(3,4,5)P; over PI(4,5)P, binding in vitro. Interestingly, however in T cells, plasma
membrane (PM) recruitment of the PH domain does not depend on PI(3,4,5)P; formation.
Rather the isolated PH domain of SKAPS5S5 interacts with Actin via lysine 152 (K152). We
show here that this interaction is critically involved in TCR-mediated adhesion to ICAM-1
and affinity modulation of LFA-1. Besides K152, we identified aspartic acid 120 (D120)
within the PH domain of SKAPSS5 to be a critical negative regulator of SKAP55 function.
Mutation of D120 to lysine (D120K mutant) induces constitutive membrane association of
SKAP55 and LFA-1 activation in the absence of TCR-mediated stimuli. Importantly
however, additional mutation of K152 to glutamic acid (K152E) overrides the functional
properties of the D120K mutant and completely blocks inside-out-signaling leading to LFA-1
activation by attenuating the interaction of the ADAP/SKAPS55-module with Actin/Talin to
LFA-1. Thus, our data suggest that two critical amino acid residues within the
phosphoinositide phosphate (PIP) binding site of the PH domain of SKAPS55 regulate PM

targeting of the ADAP/SKAP55-module and TCR mediated activation of LFA-1.
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Material and Methods

Cell culture and transfection

The Jurkat T cell line (JE6.1; ATCC) was cultured in RPMI 1640 medium (Biochrom AG)
supplemented with 10% fetal calf serum (FCS; PAN) and stable L-glutamine at 37°C with 5%
CO,. Transient transfections of Jurkat T cells were performed as previously described (15, 23)
and cultured for 24h (for cDNA constructs encoding GFP-tagged PH domains or SKAPS55
wild type (including its mutants)) or for 48h (upon transfection with suppression/re-
expression plasmids or along with siRNAs) before use. siRNAs (siC, siRapl and siTalin)
were purchased from Santa Cruz. Primary human T cells were isolated from healthy donors
by standard separation methods using AutoMACS (Miltenyi Biotech) maintained in RPMI
1640 medium containing 10% FCS, stable L-glutamine, and 2pg/ml Ciprofloxacin (Roche).
Approval for these studies was obtained from the Ethics Committee of the Medical Faculty
(89/13) at the Otto-von-Guericke University, Magdeburg, Germany. Informed consent was
obtained in accordance with the Declaration of Helsinki. T cells (5-8 x 10°) were transfected
with S5ug DNA using the Amaxa™ human T cell Nucleofector™ Kit (Lonza) according to
manufacture’s instructions. Transfected human primary T cells were cultured for 24h before
use. The anti-CD3 monoclonal antibody (mAb) or in combination with anti-CD28 mAb
(clones OKT3 and CD28.2; both from eBioscience) were used for stimulation of T cells.
Viability of Jurkat T cells and human primary T cells upon treatment with Wortmannin

(Calbiochem) were assessed by trypan blue exclusion (Sigma-Aldrich).

Flow cytometry and mAb24 binding assay

For flow cytometry analysis of LFA-1 (clone MEM48; provided by V. Horejsi (Institute of
Molecular Genetics, Academy of Sciences, Prague, Czech Republic)) or CD3 (clone OKT3)
were used in combination with APC-conjugated anti-mouse IgG (Dianova) and samples were

analyzed using a FACSCalibur flow cytometer and CellquestPro software (BD Bioscience).
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mAb24 binding was assessed as previously reported (24, 25). Briefly, cells were left untreated
or stimulated for 30min with plate-immobilized anti-CD3 antibody (clone OKT3) in the
presence of plate-bound human Fc-tagged ICAM-1 (10pg/ml; R&D system). Cells were
harvested and incubated with mAb24 antibody (10pg/ml, provided by N. Hogg; Cancer
Research U.K. London Research Institute, London, U.K.). Bound mAb24 antibody was

detected using APC-conjugated anti-mouse IgG1 (Dianova) and analyzed by flow cytometry.

c¢DNA constructs and generation of plasmids

The isolated PH domain of SKAPSS5 cloned into the pEGFP-N1 vector (Clontech) has been
described (15). The pEF-BOS expression vectors encoding N-terminal FLAG-tagged
SKAPSS5 or deletion of the PH domain within SKAPSS5 have been described (26). The isolated
PH domain of PLCS was cloned into the pEGFP-C1 vector (a gift from Jacob Rullo; Toronto
General Research Institute, University Health Network, Toronto, Canada). The isolated PH
domain of AKT cloned into the pEGFP-C1 vector was provided by D. Cantrell (Department
of Cell Signalling & Immunology, College of Life Sciences University of Dundee, Dundee,
UK). The isolated PH domain (residues 97-216) or the DM-PH domain (residues 7-222) of
SKAPS55 was sub-cloned into pET28a to generate a recombinant N-terminally His-tagged
(MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEF) fusion protein. Full-length
human SKAP55 ¢cDNA was cloned into the pEGP-N1 vector. The QuikChange site-directed
mutagenesis kit II from Agilent Technologies was used to create point mutations within the
full-length SKAPSS or the isolated PH domain of SKAPSS5 using the indicated primers: for
K116M (K116M SKAP55-for/ K116M SKAPS55-rev), R131M (R131M SKAP55-for/ R131M
SKAP55-rev), KI152E (KI152E SKAPS5-for/K152E SKAP55-rev), K152M (K152M
SKAPS55-for/K152M SKAP55-rev) and D120K (D120K SKAPS55-for/D120K SKAP55-rev).
The gene coding for N-terminally His-tagged PH domain containing the mutation K152E, that

was used for NMR measurements, was obtained by gene synthesis (Invitrogen) and
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additionally contained the S161G polymorphism. For the construction of the “suppression/re-
expression” vector of SKAPS55 and its mutants the following 19-nucleotide sequence
GAAAGAATCCTGCTTTGAA was used to target SKAPSS5 and cloned into the pCMS4
vector (a gift from D. Billadeau; Department of Biochemistry and Molecular Biology,
Division of Oncology Research, Mayo Clinic, Rochester, MN, USA) using the primer pair
SK55-shRNA-for/SK55-shRNA-rev. cDNA sequences of full-length SKAPS55 and mutants
were amplified to introduce the two restriction sites Mlul and Notl needed for cloning into
the pCMS4 vector (MIuISKAP55-for/NotlSKAPS55-rev). A shRNA-resistant form of
SKAPS5 was created by mutagenesis in which the targeting sequence within the DNA was
changed to AAgGAgTCgTGtTTcGAg using SKAP55 sh-res-for and SKAPSS sh-res-rev. All
amplified PCR products were cloned into the pJET1.2 vector (Thermo Fischer) and
sequenced prior to sub-cloning in the designated vectors or after mutagenesis. Please refer to

supplemental Table 1 for sequences of primers used for cloning, PCR and mutagenesis.

Adhesion assay

Adhesion assays were performed using a 96-well plate pre-coated with 0.5ug ICAM-1/well
(R&D Systems). Transfected Jurkat T cells were left untreated or stimulated with anti-CD3
mADb (clone OKT3; 1 or Sug/ml) for 30min at 37°C prior to the adhesion assay. Cells were
then allowed to adhere for 30min at 37°C and unbound cells were carefully washed off with
Hanks buffered saline (HBSS, Biochrom AG). Bound cells were counted and calculated as
%input (2x10° cells) in triplicates. Conjugate formation was performed as previously

described (19, 23).

Western Blot, immunoprecipitation and plasma membrane fractions
Cell lysis and immunoprecipitations were performed as previously described (26, 27).
Equivalent amounts of protein were used in precipitation experiments and Western blots. Cell
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lysates or immune complexes were separated by sodium dodecyl sulfate-polyacrylamide
(SDS) gel electrophoresis and transferred to nitrocellulose. Western blots were conducted
with the indicated antibodies (see below), developed with the appropriate horseradish
peroxidase-conjugated secondary antibodies (Dianova), and the Luminol detection system
(Carl Roth). Isolation of plasma membrane fractions has been described elsewhere (15). Anti-
FLAG antibodies (mouse mAb clone M2 or rabbit, both from Sigma-Aldrich), anti-CD11a
mAb (clone 38; Calbiochem), anti-GFP mAb (or conjugated to agarose (both from Santa
Cruz)), anti-SKAP55 rat mAB (clone 13B6F2; (15)), anti-RAPL rat mAb (clone 104B4G12
(28)); anti-RIAM rat mAb (clone 15B7ES8; (23)), phospho-AKT-S473 rabbit mAb, anti-
phospho-ERK1/2 rabbit serum (both from Cell Signaling), anti-pan-Actin mAb AC40
(antikoerper-online), anti-Talin mAb (clone 8D4, Sigma-Aldrich), anti-ADAP mouse mAb,
anti-human ADAP sheep serum (29), anti-mouse mAb Rapl (both from BD Bioscience) and
anti-mouse mAb for His (Santa Cruz) were used for Western blotting and/or

immunoprecipitation.

Immunofluorescence and confocal microscopy

Transfected Jurkat T cells or primary human T cells (rested or stimulated with 10pg/ml of
anti-CD3/CD28 mAbs for 15min at 37°C) were plated onto 12-well slides coated with poly-
L-lysine (Marienfeld KG) for 15min at 4°C and fixed with 3.5% PFA in PBS for 10min. Cells
were permeabilized with 0.1% Triton X-100 in PBS, blocked with 5% horse serum
(Biochrom AG) in PBS, and incubated with TRITC-labeled phalloidin (Sigma-Aldrich).
Coverslips were mounted in Mowiol 488 and imaged with a LEICA TCS SP2 laser-scanning
confocal system (Leica Microsystems) using an apochromatic oil emerging 63 objective (NA

1.4).

Quantification of images
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Image analysis for the cellular localization of GFP-tagged proteins was done using Adobe
Photoshop CS3. The fluorescence signals near the plasma membrane were calculated and a
curve (fluorescence intensity versus length of the measured area (um)) was generated using a
selfmade MATLAB (Mathworks Inc.) tool. The fluorescence signals were measured at 4
different positions (at position 3, 6, 9, and 12 o’clock) of each cell. The generated curves were
analyzed by (i) determining the middle of the F-Actin curve (red) and dropping a
perpendicular that divides the green or yellow curve (GFP-tagged proteins) in two halves (see
supplemental material (Fig. S1). The areas A (close to the plasma membrane) and B
(cytoplasm) were determined using Adobe Photoshop CS3. The obtained values for A and B
were used to calculate the ratio of fluorescence intensity at the plasma membrane. The
calculation was done as follows: (i) calculation of the ratio: (A)/(A+B) for each curve, (ii)
average of all four positions within one cell, (iii) average of the calculated values for 10-25
cells. The mean average of all GFP alone expressing cells for each experiment was subtracted

from the average of individual GFP-tagged fusion protein expressing cells.

Protein purification, NMR spectroscopy and titration experiments

N-terminally His-tagged PH and DM-PH domain constructs as well as mutant variants were
expressed in BL21-DE3 cells and purified via Ni*-NTA affinity chromatography followed by
size exclusion chromatography. NMR spectra were acquired on a Bruker AV700 MHz
spectrometer equipped with a 5 mm triple-resonance cryoprobe, processed with Topspin
(Bruker) and analysed with CcpNMR Analysis ((30).  Backbone assignments of
approximately 83% of residues 97-216 were obtained by standard 3D experiments in
combination with '"N amino acid selective labeling. Subsequently, assignments were
transferred to the nearest neighbor peak in DM-PH or mutant spectra. For ligand titration
experiments HSQC spectra of 150uM of the isolated SKAP55 PH domain were recorded in

the presence of ligand concentrations of 0, 50, 150, 300, 500, 750, 1050, 1500, 2000 and
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2670uM of IP4, IP3, PIP,-C4 and PIP;-C4 (all purchased from Echelon Bioscience). For the
weakly binding IP3 two additional concentrations of 3200 und 3740uM were considered. The
HSQC titration with IP4 was repeated with 270uM of the PH domain of SKAPS55 (0, 50, 150,
300, 600, 1130 and 2466uM IP,) in order to improve spectral quality and compared to spectra
of 270uM R131M-PH and KI152E-PH in the presence of no or 2466uM. For Kp
determinations, the titration curves of the most strongly shifting resonances were individually
fit to a two-state binding model and the Kp determined by linear regression analysis.
Structural representations are generated with PyMOL (The PyMOL Molecular Graphics

System, Version 1.8 Schrodinger, LLC).

Actin binding assays

The non-muscle Actin binding protein spin-down assay biochem kit (Cytoskeleton Inc.) was
used to assess polymer (F)-Actin binding and to sequester monomeric Actin (G-Actin) for
polymerization to F-actin by ultracentrifugation to separate F-actin from G-Actin according to
the manufacture’s instructions. Samples were analyzed by SDS-PAGE and Coomassie blue

staining (Roth).

Statistical analysis

Statistical differences were analyzed using Student's t test. A p < 0.05 was considered

statistically significant.
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Results

I n vitro lipid-binding properties of the isolated PH domain of SKAP55

We used a purified recombinant His-tagged fusion protein to assess the lipid headgroup
specificity of the isolated PH domain of SKAPS5 by NMR (Nuclear Magnetic Resonance)
spectroscopy. Because PH domains typically, recognize PI(3,4,5)P; or PI(4,5)P, we
investigated the interaction of the isolated PH domain of SKAPS55 with the corresponding
headgroups inositol 1,3,4,5-tetrakisphosphate (IP4) and inositol 1,4,5-triphosphate (IP3),
respectively. Exemplarily, the HSQC spectra of the '’N-labeled PH domain in the presence of
increasing amounts of IP4 are shown in Fig. 1A. Amide group resonances of residues that
experience large changes in their chemical shifts are indicated in the spectra and the titration
curves for some of these resonances are shown in Fig. 1B. A mean value for the Kp of 119 +/-
59uM was determined for IP4, while IP; displayed a Kp of 641 +/- 276uM. Comparable
results were obtained when we used the short lipid-chain variants C4-P1(3,4,5)P; and C4-
PI(4,5)P, as ligands (74+/- 12uM versus 604+/- 202uM). Several charged residues in the
vicinity of the anticipated IP4 binding pocket (Fig. 1C) display significant chemical shift
changes and were therefore mutated in order to obtain potential non-lipid binding variants of
the domain For the mutant R131M we observed that IP, binding was significantly reduced in
NMR experiments while no binding was observed for the K152E variant. Based on these
results mutants R131M, KI152E and additionally K116M were generated for cellular

experiments.

PI(3,4,5)Ps-independent recruitment of the isolated PH domain of SKAPSS to the PM
Given its PI(3,4,5)P; binding properties, we next investigated whether the PH domain of
SKAPS5S5 is recruited to the PM in T cells. Confocal microscopy analysis was performed using

non-stimulated Jurkat T cells expressing either GFP alone or a GFP-tagged PH domain of
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SKAPS55 (PH-SKAPS55-GFP) to determine the ratio of fluorescence intensity at the PM of
GFP-fusion proteins (Fig. S1). The isolated GFP-tagged PH domain of PLCS (phospholipase
C delta; GFP-PH-PLC3) which possesses a high preference for PI(4,5)P; binding (31) and of
AKT (Protein kinase B; GFP-PH-AKT) displaying a high preference for PI(3,4,5)P; binding

(32) served as controls.

Similar to GFP-PH-AKT and GFP-PH-PLCS, PH-SKAP55-GFP was targeted to the PM in
Jurkat T cells (Fig. 2A and Fig. S1). To assess whether binding to PI(3,4,5)Ps is responsible
for constitutive PM localization of PH-SKAP55-GFP, Jurkat T cells were treated with the
PI3K-inhibtor Wortmannin, which induced a clear re-localization of GFP-PH-AKT to the
cytoplasm (Fig. 2A). In contrast and as expected PM localization of GFP-PH-PLCS was not
influenced by Wortmannin treatment. Unexpectedly, the same was true for PH-SKAP55-GFP

whose PM localization was not affected by Wortmannin treatment (Fig. 2A).

We next investigated the sub-cellular localization of PH-SKAPS5-GFP in resting and
CD3/CD28-stimulated primary human T cells. PI(3,4,5)P; levels are low in resting primary T
cells and consequently, GFP-PH-AKT mostly localizes in the cytosol (Fig. 2B). CD3/CD28
stimulation enhances PI3K activity, thereby inducing membrane recruitment of GFP-PH-
AKT, a process that is counteracted by Wortmannin treatment (Fig. 2B). In marked contrast
to GFP-PH-AKT, both PH domains of PLC$ and SKAPS55 constitutively localize at the PM in
non-activated primary human T cells. Moreover, neither CD3/CD28 stimulation nor
Wortmannin-treatment affected the ratio of fluorescence intensity of both PH domains at the
PM (Fig. 2B). These data collectively suggest that in contrast to GFP-PH-AKT, PM

localization of PH-SKAP55-GFP does not depend on PI(3,4,5)P; binding.
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Lysine 152 is essential for PM targeting through Actin binding of the isolated PH
domain of SKAPS5

Besides PIP-binding, particular PH domains are capable to mediate protein-protein
interactions with Actin through positively charged amino acids like lysine and arginine (33,
34). We therefore sought to test whether the PH domain of SKAPS55 might interact with
Actin. To assess this point, we performed co-immunoprecipitation studies in Jurkat T cells
expressing GFP, PH-SKAP55-GFP or GFP-PH-PLCs. Here we observed that PH-SKAPS5-
GFP co-precipitated Actin while (as previously reported (33, 34)), GFP-PH-PLCS did not

(Fig. 3A). This result suggests that the PH domain of SKAP5S interacts with Actin.

Given that Actin is a highly acidic protein itself, we asked whether the residues important for
interaction with the negatively charged phosphoinositides would also affect Actin binding. As
shown in Fig. 3B, the K152E (or K152M) mutant(s) completely abolished Actin binding of
the SKAP55 PH domain whereas K116M and R131M mutants retained their Actin binding

capability.

We performed co-sedimentation and co-precipitation assays employing purified G and F-
Actin to assess the question whether the PH-domain of SKAPS5 would directly interact with
Actin. The data shown in Fig. S2 demonstrate that this is not the case. Indeed, neither the wild
type PH domain nor the K152E mutant co-sedimented with F-Actin (Fig. S2A). Moreover,
neither the wild type PH domain of SKAP55 nor the K152E mutant sequestered G-Actin for
F-actin polymerization (Fig. S2B). Finally, anti-His precipitates of the wild type PH domain
did not co-precitpitate either F- or G-Actin (Fig. S2C). Hence, the data shown in Figures 3
and S2 show that the isolated PH domain of SKAPSS i) interacts with actin, that ii) this
interaction is mediated via K152 and iii) that the interaction between the two molecules is

indirect.
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We next asked whether the K152E (or K152M) mutant(s) would interfere with PM targeting
of PH-SKAPS55-GFP. As shown in Fig. 3C and D, Jurkat T cells and primary human T cells
expressing PH-SKAPSS5 (K152E/M)-GFP displayed strongly attenuated ratios of fluorescence
intensity at the PM. In contrast to the PH-SKAP55 (K152E/M)-GFP, mutation of K116M and
R131M showed only a slight reduction in PM localization. These data strongly suggest that
K152 is a critical residue for membrane targeting of the isolated PH domain of SKAPSS5

probably its ability to indirectly interact with Actin rather than to impacting PIP-binding.

K152 of SKAPSS is crucial for TCR-mediated adhesion

In order to determine the contribution of the K116, R131, and K152 residues of the PH
domain of SKAP5S5 to regulate TCR-mediated T-cell adhesion, we generated “suppression/re-
expression” plasmids that simultaneously encode both a specific shRNA to knockdown
endogenous SKAPS55 and a cDNA that allows re-expression of an shRNA-insensitive FLAG-
tagged SKAP55 molecule (Fig. 4A). As shown in Fig. 4B, the “suppression/re-expression”
plasmids are capable of suppressing endogenous SKAP55 and allow comparable levels of re-
expression of either wild type SKAP55 or variants of SKAPSS carrying K116M, R131M, or
K152E point mutations, respectively. Fig. 4C further shows that Jurkat T cells in which
SKAPS55 was down-regulated by the shRNA-approach are inhibited in their ability to adhere
to ICAM-1. Re-expression of shRNA-resistant wild type SKAPS5S rescued TCR-mediated
adherence to ICAM-1. In contrast to wild type SKAP55 (and in line with previously
published data (21)), re-expression of a SKAPS55-R131M mutant moderately impaired
adhesion while re-expression of the SKAP55-K116M mutant showed a similar behavior as re-
expression of wild type SKAPSS5 (Fig. 4C). However differently from the R131M and K116M
mutants, cells expressing the SKAP55-K152E mutant showed strongly impaired adhesion

similar to SKAPS55 knockdown cells (Fig. 4C). Notably, that functional effects exerted by
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individual SKAPS5 mutants on adhesion were not due to an altered expression of the TCR or

LFA-1, respectively (Fig. S3A).

PM fractions from non-activated or TCR-stimulated Jurkat T cells re-expressing wild type
SKAPSS5 or the above mutants were prepared to biochemically investigate PM recruitment of
the individual SKAP55 mutants. Fig. SA shows that wild type SKAP55 as well as all
SKAPS55 mutants tested (K116M, R131M, and K152E) were properly recruited to the PM
upon TCR-triggering. The same was true for the constitutive interaction partners of SKAPS5S5
(RAPL, RIAM, and ADAP) or the inducible binding partners Rapl (inducibly binding to
RAPL and RIAM), SLP-76 (inducibly binding to ADAP) or Talin (inducibly binding to
RIAM and LFA-1, Fig. 5A). Thus, none of the mutations within the PH domain, including
K152E, has an impact on TCR-mediated recruitment of SKAPSS5 and its associated signaling

complex to the PM.

We next asked whether any of the mutations would affect the TCR-mediated interaction
between the ADAP/SKAP55-module with Actin, Talin and/or LFA-1. To test this, FLAG-
(SKAPSS5) immunoprecipitates were obtained from postnuclear lysates of non-stimulated or
TCR-activated Jurkat T cells re-expressing wild type FLAG-SKAPSS or the corresponding
K116M, R131M, or K152E mutants, respectively. Fig. SB shows, as reported previously by
us (19) and others (18, 20, 21), that ADAP, RIAM and RAPL constitutively interact with wild
type SKAPS5 and with all three SKAP55 mutants whereas Rapl and SLP-76 associate with
the whole complex only after TCR stimulation. However, in marked contrast to wild type
SKAP55 and the K116M and R131M mutants of SKAP55, the TCR mediated association
between the ADAP/SKAPS55-complex with either LFA-1, Talin or Actin was strongly
reduced in cells re-expressing the KI152E mutant of SKAPS5 (Fig. 5B). Reciprocal

immunopreciptation studies for LFA-1 showed that the TCR-mediated association of LFA-1
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with the ADAP/SKAPS55-module, Actin and Talin was strongly attenuated in cells re-
expressing the K152E mutant of SKAP55 (Fig. 5C). Taken together these data indicate that
expression of the KI52E mutant affects the inducible association between the
ADAP/SKAP55-complex with LFA-1 via the Actin/Talin axis. The failure of LFA-1 to
interact with its targets abrogates the capability of the K152E mutant to mediate adhesion

upon T cell activation.

D120 of SKAPS5S is essential for TCR independent PM targeting, adhesion and LFA-1
activation

In contrast to the isolated PH domain of SKAP55 (Fig. 2A) full-length SKAPS55 primarily
localizes in the cytosol in non-stimulated Jurkat T cells and only re-localizes to the PM after
CD3 stimulation (Fig. 6A). A previous study had shown that in non-activated macrophages
the N-terminal DM domain of the SKAP55 homologue SKAP-HOM prevents membrane
targeting of SKAP-HOM by blocking the PH domain via an auto-inhibitory mechanism: The
SKAP-HOM PH domain B1-B2-loop forms a small interface with the DM-domain and is
predicted to thereby hinder PI(3,4,5)P; binding by formation of a short helix (35). Assuming a
similar structure of the DM-PH domain tandem in SKAP55 compared to SKAP-HOM (PDB
code: 20TX) one would expect chemical shift changes in the IP4/IP; binding pocket when
comparing the isolated PH domain of SKAPS5 with the PH domain as part of the DM-PH
tandem construct of SKAP55. This is indeed observed by NMR (Fig. S4B) and shows that the
interface between the PH and the DM domain is localized in vicinity to the critical residues
K152 (see the model in Fig. S4C) and aspartate 120 (D120), homologous to D129 in SKAP-
HOM (Fig. S4A) where it regulates the intramolecular switch by charge inversion in the

critical interface
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We generated a plasmid encoding a D120K mutant of SKAPS5S5, which we expressed in Jurkat
T cells to study the localization of this mutant. As shown in Fig. 6A, the D120K mutant
displayed constitutive PM localization, comparable to the level that was found in TCR-
stimulated cells expressing wild type SKAPS5 or the D120K/K152E double-mutant. Of note,
TCR stimulation did not further increase the ratio of fluorescence intensity of the D120K
mutant at the PM (Fig. 6A). Thus, similar to D129 within SKAP-HOM, D120 within the PH

domain is a critical residue that regulates PM recruitment of SKAPSS.

Previous results from us and others had shown that constitutive PM targeting of SKAPSS5
(either using a LAT/SKAPS5 chimera protein or by introducing a N-terminal myristoylation
tag) induces T cell adhesion even in the absence of TCR-mediated stimuli (15, 21). Given the
fact that the DI20K mutant of SKAPS5 displayed constitutive PM association, we
hypothesized that this mutant would also induce TCR independent activation of LFA-1.
Indeed, re-expression of SKAP55-D120K (Fig. 6B) induced basal adhesion to ICAM-1 (Fig.
6C) and LFA-1 affinity modulation (Fig. 6D). Note, that functional effects exerted by the
D120K mutant of SKAP55 on adhesion were not due to an increased expression of the TCR
or LFA-1 (Fig. S3B). In summary, D120K mediated PM targeting of SKAP55 induces

spontaneous and constitutive activation of LFA-1.

To provide a biochemical basis for the functional behavior of D120K we prepared PM
fractions (Fig. 7A), anti-FLAG- (SKAPS55) immunoprecipitates (Fig. 7B) or anti-LFA-1
immunoprecipitates (Fig. 7C), respectively, from non-stimulated or TCR stimulated Jurkat-
transfectants expressing the SKAPS55 D120K mutant. In line with the functional data, the
D120K mutant as well as the known SKAPSS interaction partners ADAP, RIAM and RAPL
localize to the PM even in the absence of TCR stimulation (Fig. 7A). Similarly, anti-FLAG

(SKAPSS5) immunoprecipitates obtained from lysates of non-stimulated D120K transfectants
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showed a constitutive association of the SKAP55 D120K mutant with Actin, Talin and LFA-1
(Fig. 7B). LFA-1-immunoprecipitates prepared from D120K expressing cells showed TCR-
independent associations between LFA-1, Actin, RIAM, RAPL, ADAP, SKAPS5S5 and Talin.

Hence, mutation of D120 to K fully activates the ADAP/SKAPS55-module at the PM.

Next we were interested to determine whether the D120K mutant would dominate/override
the negative regulatory effect of the K152E mutant (or vice versa). To assess this question we
generated a SKAPS55 mutant carrying a double D120K/K152E mutation within the PH
domain. Fig 7A shows that the D120K/K152E double mutant no longer localizes to the PM in
non-stimulated cells and that cells expressing this mutant had lost their capability to
adherence and to activate LFA-1 (Fig. 6C and D). Hence, the constitutive PM targeting of

SKAPSS as well as the spontaneous integrin activation induced by D120K depends on K152.

In addition to abrogating constitutive PM association of SKAPS5S5, the D120K/K152E-double-
mutant completely abrogated the TCR-induced binding of T cells to ICAM-1 and LFA-1
affinity modulation (Fig. 6C and D). Moreover TCR mediated association of the
ADAP/SKAP55-module with LFA-1, Talin and Actin (Fig. 7B) as well as the TCR-mediated
interaction of LFA-1 with the ADAP/SKAP55-module, Talin, RIAM and RAPL was severely
attenuated (Fig. 7C). Hence, all functional effects exerted by the D120K single mutant were

counteracted by additional mutation of K152 to E. Thus, K152E is dominant over D120K.

The constitutive adhesion of the D120K mutant of SKAPSS requires Talin but not Rapl1.
Unexpectedly, the experiments shown in Fig. 7A and B revealed that despite constitutive PM
targeting of the ADAP/SKAP55-module and despite constitutive activation of LFA-1, Rapl
was not constitutively targeted to the PM in cells expressing D120K (Fig. 7A) and did not co-

precipitate with SKAP55 in non-stimulated D120K Jurkat transfectants (Fig. 7B). Rather,
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even in D120K expressing cells, membrane targeting of Rapl as well as its interaction with
the ADAP/SKAP55-module required stimulation of the TCR (Fig. 7A and B). This suggested
that the constitutive activation of LFA-1 in cells expressing D120K occurs independently of

Rapl.

To address the role of Rapl in more detail, we re-expressed the D120K mutant in Jurkat T
cells in which Rapl had been down-regulated by siRNA. Fig. 8A shows that in cells re-
expressing either wild type SKAP55 or the D120K mutant, knockdown of Rapl did not affect
basal adhesion, whereas TCR-mediated adhesion was almost completely blocked. This
confirms that Rapl is dispensable for steady state adhesion, while it is necessary for TCR-
mediated LFA-1 activation even in cells re-expressing D120K. In marked contrast to Rapl,
knock-down of Talin reverted the spontaneous and the TCR-mediated integrin activation of
cells expressing D120K (Fig. 8B). Hence, spontaneous adhesion induced by D120K-mutant

depends on Talin.
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Discussion

PH domains are generally known to bind lipids and to facilitate the translocation of proteins
to the PM (36). In this study we characterized the lipid binding properties as well as the
functional properties of the PH domain of SKAPS5S5 with a focus on TCR mediated activation
of the PB2-integrin LFA-1. We identified two critical amino acids within the PH domain of
SKAP55, D120 and K152 that appear to regulate membrane recruitment of the

ADAP/SKAP55-module and T cell adhesion.

Structural inspection of the isolated PH domain of SKAPS5 revealed that this domain
contains a classical lipid-binding pocket that is present in many PH domains. It is build up by
the variable p1-B2-, B3-p4- and P6-B7-loops (36). The PH domain of SKAP5S5 contains all
amino acids (except serine 118 in the Bl strand) at homologous positions that have been
predicted for the lipid binding of its homologue SKAP-HOM (35). By using NMR
spectroscopy we showed that the PH domain of SKAP55 has a preference for P1(3,4,5)P3 over
PI(4,5)P, binding. However, in comparison to its homologue SKAP-HOM, the isolated PH
domain of SKAPS55 shows a much lower affinity for PI(3,4,5)P; binding (74+£12uM for
SKAPS5 versus 8uM for SKAP-HOM; (35)). In part this difference could result from the
different methods used in these two studies, namely NMR (this study) and fluorescence
polarization (35). However, SKAP-HOM contains an arginine instead of serine (SKAP55) at
position 118, a residue that is localized not far from the lipid-binding site. Thus SKAP55

likely harbours a non-optimal PIP-binding pocket.

Studies employing PI3-kinase inhibitor showed that both in Jurkat T cells as well as in
primary human T lymphocytes the constitutive PM recruitment of the isolated PH domain of
SKAPSS5 likely does not require PI(3,4,5)P; binding. In line with this finding, individual
mutation of the putative PI(3,4,5)P; interacting residue, R131 and K116, only moderately
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affected PM targeting of the isolated PH domain of SKAPS5S5 in either Jurkat or human
primary T cells. Functionally, using a genetic suppression/re-expression system, we could
show that a K116M mutant of SKAPS55 behaved almost as wild type SKAPS5 while cells re-
expressing a R131M mutant only showed slightly impaired adhesion to ICAM-1, a finding
that is in line with previously published data (21). Hence, in our experimental system using
suppression/re-expression plasmids for SKAP55 residue R131 appears to be of moderate

importance for SKAP5S function.

In marked contrast to R131 and K116, mutation of K152 to E almost completely abolished
PM localization of the PH domain of SKAPS55. Previous studies had shown that positively
charged amino acids (e.g. lysine residues such as K152) within particular PH domains allow
these domains to interact with Actin (33, 34). Immunoprecipitation experiments revealed that
this appears to be also true for the PH domain of SKAPSS5. Indeed, while the wild type
SKAP55 PH domain co-precipitated Actin the corresponding K152E(M) mutants completely
failed to do so. These findings strongly suggest that the isolated PH domain of SKAPSS is
primarily targeted to the PM via a K152 mediated interaction with Actin. The identification of
the PM-cytoskeleton linker molecules (e.g. Ezrin/radixin/moesin (ERM) proteins) that
mediate the link between the isolated PH domain of SKAPS55 and Actin requires further

investigations

Suppression of endogenous SKAP5S5 and re-expression of a SKAP55 K152E mutant in Jurkat
T cells strongly impaired TCR induced adhesion and activation of LFA-1. Surprisingly
however, biochemical analysis of PM fractions revealed that, in contrast to the isolated PH
domain the K152 mutation did not alter TCR induced recruitment of SKAPS55 and its
association partners to the PM in the context of the full length SKAPS5 molecule. Indeed, all

components known to interact with SKAPSS5 in T cells either constitutively (ADAP, RIAM,
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RAPL) or inducibly (SLP-76, Rapl) were found in membrane preparations of TCR-
stimulated cells expressing the K152E-mutant. This indicates that redundant pathways for
membrane targeting of the whole complex exit that rescues the K152E mutant of full-length
SKAPS5S, as found for the K152E mutant of the isolated PH domain. However, further
analysis of anti-FLAG/SKAPS55 and anti-LFA-1 immunoprecipitates showed that, despite
normal PM targeting, the K152E mutation completely abrogated the capability of SKAPS5
and its associated signalling complex to interact with Actin, Talin and LFA-1. Hence, K152
within the PH domain of SKAPS55 is mandatory for the activation of LFA-1 by generating a

molecular bridge between the ADAP/SKAPS5-module, Actin and Talin.

As noted above, an important difference between the isolated PH domain of SKAP55 versus
the full length SKAP55 molecule is that mutation of K152 in the isolated PH domain
displaces the latter from the PM whereas mutation of K152 in the context of the full length
SKAP55 molecule does not. One possibility to explain this difference would be that in
contrast to the isolated PH domain, the full length SKAP55 could use two independent (or
complementary) routes for PM targeting. One route would involve Actin/Talin binding via the
PH domain whereas the second route would encompass an inducible association of the
ADAP/SKAPS55-complex with SLP-76 via ADAP (16). SLP-76 binds via Gads to LAT
following phosphorylation of LAT by TCR/Lck-activated ZAP70. It is important to note that
in T cells chemokine-mediated membrane-association of the ADAP/SKAPS55-complex as
well as chemokine induced activation of LFA-1 occurs in the absence of detectable LAT-
phosphorylation and does not depend on an inducible association between SLP-76 and ADAP
(23). Thus, it appears that SKAPS55 mediated integrin activation does not necessarily depend

on the ADAP/SLP76/Gads/pLAT-signaling pathway.
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Still, the fact that SKAPSS can activate integrins independently of membrane recruitment via
the ADAP/SLP76/Gads/pLAT route raises the important question of an inducible (TCR or
chemokine) membrane recruitment mechanism of SKAPSS5 that involves the PH domain. Our
approach to elucidate this question was based on a previous publication by Swanson et al. in
which the authors had investigated the functional properties of the PH domain of the SKAPS55
homologue, SKAP-HOM (35). In this publication the colleagues had proposed a model in
which an intramolecular switch mechanism occurring between the N-terminal DM domain
and the PH domain of SKAP-HOM dynamically regulates PM targeting of the protein (35). In
the closed conformation (i.e. in the absence of external stimuli) an interface between the DM
domain and the PH domain supports a short helical segment in the B1-B2-loop incompatible
with lipid binding. The authors identified D129 within the PH domain of SKAP-HOM to be
critically involved in the DM-PH-switch mechanism. Indeed, mutation of D129 to K strongly
increased the affinity of the PH domain of SKAP-HOM for PI(3,4,5)P;. Consequently,
expression of a DI129K mutant of SKAP-HOM in macrophages induced spontaneous
localization of the mutated molecule to Actin membrane ruffels (35). We identified D120
within the PH domain of SKAP55 representing the equivalent of D129 in SKAP-HOM. Re-
expression of a SKAP55-D120K mutant in Jurkat T cells induced constitutive PM targeting of
this mutant (as well as the constitutive binding partners of SKAP55, ADAP, RIAM and
RAPL). Moreover, Jurkat T cells re-expressing the SKAP55-D120K mutant adhered to
ICAM-1 in the absence of TCR mediated stimuli (Fig. 6). These findings corroborate
previous reports, which had shown that forced PM recruitment of SKAPSS5 (by fusion with a
myristoylation- or a LAT-tag) bypasses the need for TCR stimulation to induce adhesion (15,

21).

Using the D120K mutant we made three important observations. First we noted that the

constitutive activation of LFA-1 induced by D120K did not require membrane recruitment of
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Rapl or binding of Rapl to either RIAM or RAPL. Indeed, knockdown of Rapl in D120K
expressing cells did not affect the spontaneously adhesion that was induced by D120K.
Hence, it appears as if Rapl is not required for this basal induced adhesion. Still, TCR-
mediated augmentation of adhesion was found to be depend on Rapl, both in cells expressing
wild type SKAPSS as well as in cells expressing D120K, which is in line with previous
published data showing that Rapl deficiency reduces TCR-mediated adhesion but not

adhesion in non-stimulated T cells (5).

Second, in contrast to knockdown of Rapl, down-regulation of Talin partly blocked basal
adhesion of cells expressing D120K and enhanced TCR induced adhesion by D120K was also
attenuated. We have previously identified two independent ADAP/SKAPS55-modules either
interacting with RIAM or RAPL (28). RIAM has been reported to inducibly associate with
Talin. This interaction promotes PM targeting of Talin, releases Talin from its auto-inhibition
and allows binding to the cytoplasmic tail of the -chain of LFA-1 (7, 37). Beside RIAM and
Talin, RAPL interacts with the cytoplasmic tail of the a-chain of LFA-1. To our knowledge it
is not known whether RAPL deficiency would affect inside-out signaling of LFA-1 upon
TCR-stimulation. Independent of the exact mechanism, our experiments clearly show that

Actin binding by SKAPS55 crucially connects the cytoskeleton to LFA-1.

Third, we found that additional mutation of K152 (SKAP55-D120K/K152E double mutant)
completely abrogated both the constitutive membrane localization of the D120K mutant as
well as the constitutive activation of LFA-1 induced by D120K. Biochemical analysis of the
SKAPS55 and LFA-1 associated signaling complexes revealed that this was due to a failure of
the double mutant to interact with Actin and Talin and, hence on a failure to interact with and
to activate LFA-1. In summary, D120K can only activate integrins in the presence of K152, a

residue that is crucial for both, lipid and Actin binding.
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Our data suggest a model where in non-stimulated T cells spontaneous membrane recruitment
of SKAPS5 and its associated signaling complex is prevented by an intramolecular switch
mechanism. Here the N-terminal DM domain of SKAPSS folds back on the PH domain
thereby blocking the interaction of the SKAPSS associated signaling complex with Actin and
Talin. Upon TCR stimulation the DM-PH domain switch undergoes a conformational change
that releases the PH domain from auto-inhibition and allows the signaling complex to interact
with Actin/Talin thereby activating LFA-1. In parallel (or subsequently), PM localization of
the ADAP/SKAPS5-module is stabilized by the SLP-76/Gads signaling complex that binds to
phosphorylated LAT. Together the two membrane targeting mechanisms facilitate stable T

cell adhesion (Fig. S5).

The obvious question emerging from the proposed model is how the DM-PH-domain switch
is released from auto-inhibition following TCR stimulation. Dimerization domains are often
involved in intra- or intermolecular protein-protein interactions, which can be used for auto-
inhibition of functional domains (38). Moreover, Ophir and colleagues have recently shown
that SKAPS55 forms homo-dimers (and hetero-dimers with SKAP-HOM) and that this
dimerization is mediated by the DM domain of SKAPS55 (18). TCR-induced dimerization (or
de-dimerization) of SKAPS55 upon T cell stimulation could therefore induce conformational
changes within the DM domain that could release the PH domain from auto-inhibition and
thus allows PM targeting of SKAPS5S5. An alternative scenario would be that local production
of PI(3,4,5)P;upon T cell stimulation shifts the equilibrium towards the open, Actin binding

conformation of SKAPS5S5.

Another puzzling question that needs clarification is why single point mutations within the
PH domain of SKAP55 (or SKAP-HOM) produce dramatic functional effects in terms of

integrin activation (15, 35), whereas deletion of the whole PH domain of SKAPS55 (or of
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SKAP-HOM) does not alter integrin functions (see also Figure S6) or subcellular localization
as shown in various model systems (15, 18, 35). In striking contrast to cells expressing the
DI120K/K152E-double mutant of SKAPS5 (in which binding to of the ADAP/SKAPS55
module to LFA-1, Talin and Actin was reduced, Figure 6), we did not find a significant
alteration of the LFA-1-associated signaling complex in cells expressing a SKAPS55-variant
where the whole PH domain was deleted (Figure S6C). Therefore, we currently cannot
provide a model that would allow us to explain the contradicting and reported results that
have been obtained using deletion mutants VS, single point mutations. As indicated by the
structure (35) the interactions of the PH and the DM domain are intertwined, and a released
DM domain will certainly be able to exert certain functions of the molecule. Furthermore,
within the context of the larger complex of the SKAP55/ADAP-module redundant Actin and
lipid binding properties might render the PH domain function seemingly dispensable.
However, the tuning of the integrin response as shown here to be strongly modulated by the
PH domain of SKAPSS5, might become visible only at certain relative concentrations of

SKAPSS5 and its direct binding partners, including PIP’s and Actin.

We here have identified two critical residues within the PH domain of SKAP55, D120 and
K152 that regulate SKAPSS5 functions with regard to PM targeting. D120 appears to mediate
the intra-molecular release of the DM-PH-switch. However, K152 overrides this feature and
shows that release of auto-inhibition has to be followed by productive Actin binding in order
to allow SKAPSS5 and its associated signalling complex to promote functional activation of

LFA-1.
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Figure legends

Figure 1. In vitro lipid binding properties of the isolated PH domain of SKAP55

(A) 'H-"N HSQC titration of 270pM wild type SKAP55 PH domain with increasing
concentrations (50, 150, 300, 600, 1130 and 2466uM) of IP4, the head group of PI(3,4,5)Ps.
Some of the most shifts are indicated. (B) Shown are curve fits of combined "H-'SN HSQC
chemical shift changes with increasing IP4 concentrations for significantly shifting residues
E115, K117, R131, Y142, T154, R185. The individual Kp values derived from the fits are
given. (C) Significant chemical shift differences in the isolated PH domain of wild type
SKAPS5 upon addition of a 10fold molar excess of IP4 are highlighted on the structure (PDB
code: 1u5d) overlayed with IP4 co-crystallized with the PH domain of AKT (PDB code:
lung). Residues K116, R131, and K152 involved in IP4 binding and suggested for mutation
are drawn as sticks. (D) 270uM wild type (WT), R131M and K152E mutants of the PH
domain of SKAPSS5 upon incubation with 2466uM IP4. While large chemical shifts are seen
for certain NH resonances of the wild type protein, shifts are very small for the R131M

variant and are totally abolished for the K152E mutant protein.

Figure 2. PI(3,4,5)P;-independent membrane targeting of the isolated PH domain of
SKAP55

(A) Jurkat T cells were transfected with plasmids encoding GFP, GFP-PH-PLCS5, GFP-PH-
AKT, or PH-SKAP55-GFP. 24h after transfection, cells were treated with DMSO or
Wortmannin for 1h at 37°C. Cells were fixed, permeabilized, stained with TRITC-phalloidin
to visualize F-Actin and then imaged by confocal laser scanning microscopy. A histogram
tool was used to determine the fluorescence intensity at the PM of individual cells (see Fig.
S1) to calculate the ratio of fluorescence intensity after subtraction of GFP-background levels
(n=3-4). In the right panel lysates were prepared from these transfectants to assess the

inhibition of the PI3 kinase as monitored by Western blotting for pAKT S473 (right panel)
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(n=3). (B) Primary human T cells were transfected with plasmids as described in A. 24h after
transfection, cells were pretreated with DMSO or Wortmannin for 1h at 37°C and
subsequently stimulated with anti-CD3/CD28 antibodies. Cells were analyzed as described in
A. In the lower panel CD3/CD28-induced activation of the PI3 kinase in the presence or
absence of Wortmannin was monitored by Western blot analysis for pAKT S473 (n=3).

(mean + SD; ** p<0.01, *** p<0.001)

Figure 3. PM targeting of the PH domain of SKAPS5S is mediated by interaction with
Actin and depends on lysine 152.

(A) Jurkat T cells were transfected with plasmids encoding GFP, GFP-PH-PLCo, GFP-PH-
AKT, or PH-SKAP55-GFP. 24h after transfection, the expression of the GFP and GFP fusion
proteins was assessed by Western blot analysis with the indicated antibodies (left panel).
Lysates from these transfectants were used for anti-GFP immunoprecipitation. Precipitates
were analyzed by Western blotting for pan-Actin and GFP (right panel). Lysate of Jurkat T
cells (JE6) served as positive control for the detection of pan-Actin (n=3). (B) Jurkat T cells
were transfected with plasmids encoding GFP, PH-SKAP55-GFP wild type (WT) or its
mutants (K116, R131M, KI152E, and K152M), respectively. 24h after transfection, the
expression of GFP and GFP-fusion proteins was assessed by Western blot analysis with the
indicated antibodies (left panel). Lysates of these transfectants were used for anti-GFP
immunoprecipitation. Precipitates were analyzed by Western blotting for pan-Actin and GFP
(right panel). Lysate of Jurkat T cells (JE6) served as positive control for detection of pan-
Actin (n=2). Jurkat T cells (C) or primary human T cells (D) were transfected with plasmids
encoding GFP, PH-SKAP55-GFP wild type (WT) or its mutants (K116M, R131M, K152E,
and K152M), respectively. 24h after transfection, cells were fixed, permeabilized, stained

with TRITC-phalloidin and then imaged by confocal laser scanning microscopy. The ratio of
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fluorescence intensity after subtraction of GFP-background levels was calculated as described

in Figure 2A (n=3-4). (mean + SD; ** p<0.01)

Figure 4. The K152 mutant of SKAPS55 impairs TCR-mediated adhesion.

(A) Schematic representation of the suppression/re-expression vector used in this study. (B)
Jurkat T cells were transfected with suppression/re-expression constructs which do not
suppress endogenous SKAPS5 (shC), or reduce the endogenous protein level of SKAPSS
(shSKAP55) or re-express a FLAG-tagged shRNA-resistant wild type SKAP55 (WT) or its
mutants (K116M, R131M, and K152E). 48h after transfection, lysates were analyzed by
Western blotting with the indicated antibodies. (C) Transfected Jurkat T cells as described in
B were analyzed for their ability to adhere to ICAM-1-coated wells in a resting state or upon
stimulation with two different concentrations of CD3 antibodies (lpg/ml and Spg/ml),
respectively. Adherent cells were counted and calculated as percentage of input (n=3). (mean

+ SD; *p<0.05; **p=<0.01)

Figure 5. K152E mutation abolishes the TCR-mediated interaction of LFA-1 with Actin
and Talin.

(A) Jurkat T cells were transfected with suppression/re-expression constructs which re-
express a FLAG-tagged shRNA-resistant SKAP55 wild type (WT) or its mutants (K116M,
R131M, and K152E). After 48h, cells were left untreated or stimulated with CD3 antibodies
(CD3). PM fractions were isolated and analyzed by Western blotting with the indicated
antibodies. Detection of CD11a served as control for fractionation of PM (n=2). (B and C)
Jurkat T cells transfected as described in (A) were left untreated or stimulated with CD3
antibodies (CD3). Lysates were used for immunoprecipitation of either SKAPS5S5 using anti-
FLAG antibodies or LFA-1 using anti-CDI11a antibodies. Precipitates were analyzed by

Western blotting using the indicated antibodies (n=2).
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Figure 6. The D120K mutant of SKAPSS induces TCR-independent adhesion and LFA-
1 activation

(A) Jurkat T cells were transfected with plasmids encoding GFP, full length wild type
SKAPS55-GFP (WT), or its mutants (D120K and D120K/K152E). 24h after transfection, cells
were left untreated or stimulated with CD3 antibodies. Subsequently cells were fixed,
permeabilized, probed with TRITC-phalloidin, and imaged by confocal laser scanning
microscopy. The ratio of fluorescence intensity after substraction of GFP-background levels
was calculated as described in Fig. 2A (n=3). TCR stimulation was assessed by analyzing
pERK1/2 using Western blotting (right panel). (B) Jurkat T cells were transfected with
suppression/re-expression constructs which do not suppress endogenous SKAP55 (shC), or
reduce the endogenous protein level of SKAPSS (shSKAPSS5) and re-express a FLAG-tagged
shRNA-resistant wild type SKAP55 (WT) or its mutants (D120K, K152E or D120K/K152E).
48h after transfection, lysates were analyzed by Western blotting using the indicated
antibodies. (C) Jurkat T cells were transfected as described in B. Cells were analyzed for their
ability to adhere to ICAM-1-coated wells in a resting state or upon stimulation with two
different concentrations of CD3 antibodies (1pg/ml and 5pg/ml), respectively. Adherent cells
were counted and calculated as a percentage of input (n=3). (D) Jurkat T cells transfected as
described in B were left untreated (ICAM-1) or stimulated with CD3 antibodies (ICAM-
1/CD3), followed by staining with the anti-LFA-1 antibody mAb24. mAb24 epitope
expression was assessed by flow cytometry within the GFP gate and the mean fluorescence
intensity of untreated shC-transfected Jurkat T cells was set to 1 to calculate the fold

induction (n=3). (mean + SD; *p<0.05; **p<0.01)

Figure 7. The K152E mutant of SKAPS5 overwrites LFA-1 activation by the D120K
mutant

(A) Jurkat T cells were transfected with suppression/re-expression constructs which re-
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express a FLAG-tagged shRNA-resistant SKAPS5 wild type (WT) or its mutants (D120K,
K152E, or D120K/K152E). 48h after transfection, cells were left untreated or stimulated with
CD3 antibodies. PM fractions were isolated and analyzed by Western blotting using the
indicated antibodies. Detection of CD11a served as control for fractionation of PMs (n=2). (B
and C) Jurkat T cells transfected as described in A were left untreated or stimulated with CD3
antibodies (CD3). Lysates were used for immunoprecipitation of SKAP55 (using anti-FLAG
antibodies) or (LFA-1 using anti-CD11a antibodies). Precipitates were analyzed by Western

blotting using the indicated antibodies (n=2).

Figure 8. TCR-independent adhesion induced by the D120K mutant of SKAPSS is
dependent on Talin but not on Rap1.

(A) Jurkat T cells were co-transfected with suppression/re-expression constructs which re-
express a FLAG-tagged shRNA-resistant wild type (WT) SKAPS55 or the D120K mutant in
combination with either control siRNA (siC) or siRNA against Rapl (siRapl). 48h after
transfection, cells were left untreated or stimulated CD3 antibodies (1pg/ml). Cells were
analyzed for their ability to adhere to ICAM-1-coated wells in a resting state or upon
stimulation with CD3 antibodies. Adherent cells were counted and calculated as percentage of
input. Lysates were prepared from transfectants and analyzed by Western blotting for FLAG,
Rapl and PB-Actin (right panel) (n=3). (B) Jurkat T cells were co-transfected with
suppression/re-expression constructs as described in A in combination with either control
siRNA (siC) or siRNA against Talin (siTalin). 48h after transfection, cells were left untreated
or stimulated CD3 antibodies (1pg/ml). Cells were analyzed for their ability to adhere to
ICAM-1-coated wells in a resting state or upon stimulation with CD3 antibodies. Adherent
cells were counted and calculated as percentage of input. Lysates were prepared from
transfected cells and analyzed by Western blotting using the indicated antibodies (right panel)
(n=3). (mean + SD; *p<0.05; **p<0.01)
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