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The N terminus of SKAP55 enables T cell adhesion
to TCR and integrin ligands via distinct mechanisms

Michael J. Ophir,' Beiyun C. Liu," and Stephen C. Bunnell'
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he T cell receptor (TCR) triggers the assembly of

“SLP-76 microclusters,” which mediate signals required

for T cell activation. In addition to regulating integrin
activation, we show that Src kinase—associated phospho-
protein of 55 kD (SKAP55) is required for microcluster
persistence and movement, junctional stabilization, and
integrin-independent adhesion via the TCR. These functions
require the dimerization of SKAP55 and its inferaction
with the adaptor adhesion and degranulation-promoting
adaptor protein (ADAP). A “tandem dimer” containing
two ADAP-binding SKAP55 Src homology 3 (SH3) do-
mains stabilized SLP-76 microclusters and promoted T cell

Introduction

T cells interact with antigen-presenting cells via junctions
known as immunological synapses. Although transient inter-
actions trigger T cell receptor (TCR)-proximal responses, sus-
tained conjugate formation is required for optimal cytokine
production, proliferation, differentiation, and memory func-
tion (Mempel et al., 2004; Henrickson et al., 2008; Zheng et al.,
2008). After antigen recognition, the TCR recruits the tyrosine
kinase {-chain associated phosphoprotein of 70 kD (ZAP-70),
giving rise to multivalent signaling complexes referred to
as microclusters (Acuto et al., 2008; Smith-Garvin et al.,
2009; Balagopalan et al., 2010; Bunnell, 2010). The Src homol-
ogy 2 (SH2) domain—containing leukocyte protein of 76 kD
(SLP-76), which is essential for T cell development and activation,
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adhesion via the TCR, but could not support adhesion
to integrin ligands. Finally, the SKAP55 dimerization
motif (DM) enabled the coimmunoprecipitation of the
Rap1-dependent integrin regulator Rap1-GTP-interacting
adaptor molecule (RIAM), the recruitment of talin into TCR-
induced adhesive junctions, and “inside-out” signaling
to B integrins. Our data indicate that SKAP55 dimers
stabilize SLP-76 microclusters, couple SLP-76 to the force-
generating systems responsible for microcluster movement,
and enable adhesion via the TCR by mechanisms inde-
pendent of RIAM, talin, and B infegrins.

nucleates structures that rapidly form alongside activated TCR
microclusters (Bunnell et al., 2002; Nguyen et al., 2008). These
“SLP-76 microclusters” are stabilized by multivalent inter-
actions among their constituent adaptors and effectors, includ-
ing linker of activated T cells (LAT), Grb2, Sos1, Grb2-related
adaptor downstream of Shc (Gads), Nck, Vavl, and PLCyl1
(Barda-Saad et al., 2005; Braiman et al., 2006; Bunnell et al.,
2006; Houtman et al., 2006; Balagopalan et al., 2007; Sylvain
et al., 2011). SLP-76 microclusters are hubs of tyrosine phos-
phorylation whose persistence is correlated with TCR-induced
increases in calcium entry, Erk activation, and CD69 expression
(Singer et al., 2004; Campi et al., 2005; Bunnell et al., 2006;
Lasserre et al., 2011). In addition, SLP-76 microclusters are
transported to the center of the immune synapse, where they
appear to be down-modulated via retrograde actin flows, myo-
sin contractility, and microtubule-directed movement (Bunnell
et al., 2002; Nguyen et al., 2008; Babich et al., 2012). Although
SLP-76 microclusters incorporate multiple actin-binding pro-
teins and regulators, the precise mechanisms by which they are
coupled to actin are not well understood (Barda-Saad et al.,
© 2013 Ophir et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
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2005; Barda-Saad et al., 2010; Lasserre et al., 2010; Sylvain
et al., 2011). Nevertheless, these systems initiate and sustain
antigen recognition in the context of the immune synapse, and
may apply the forces that permit the TCR to overcome signifi-
cant steric barriers and to act as a mechanosensor (Valitutti et al.,
1995; Seminario and Bunnell, 2008; Wang and Reinherz, 2012).

The SLP-76 SH2 domain binds to the adhesion and
degranulation-promoting adaptor protein (ADAP), an important
regulator of integrin activation and cytoskeletal reorganiza-
tion (Geng et al., 1999; Raab et al., 1999; Krause et al., 2000;
Peterson et al., 2001; Griffiths and Penninger, 2002; Medeiros
et al., 2007; Burbach et al., 2011). The interaction of the SLP-76
SH2 domain with ADAP stabilizes SLP-76 microclusters and re-
cruits ADAP into these structures (Pauker et al., 2011; Coussens
et al., 2013). The adaptor protein Src kinase—associated phos-
phoprotein of 55 kD (SKAPS5) is essential for the pro-adhesive
functions of ADAP, and binds directly to a conserved pro-
line-rich region in ADAP via its Src homology 3 (SH3) domain
(Schraven et al., 1997; Marie-Cardine et al., 1998a; Wang
et al., 2003, 2007; Kliche et al., 2006). Although SKAP55 binds
regulator of adhesion and polarity in leukocytes (RapL), a regu-
lator of the «y integrin leukocyte function—associated anti-
gen 1 (LFA-1; oy f3,), the manner in which SKAP55 engages
Rap1-GTP-interacting adaptor molecule (RIAM), a regulator
of integrin 3 chains, remains elusive (Ménasché et al., 2007).
Consequently, the mechanisms by which the TCR regulates ad-
hesion via immunologically relevant integrins such as very late
antigen 4 (VLA-4; ay3,) and very late antigen 5 (VLA-5; as5[31)
remain unresolved (Seminario et al., 1998; Kliche et al., 2006).
Even though it is widely assumed that SKAPSS5 primarily acts
through its effects on integrins, we and others have shown that
the TCR can function as a fast-acting adhesion receptor (Nguyen
et al., 2008). Therefore, it possible that SKAPS5S5 also influences
conjugate formation by promoting the efficient coupling of TCR
and SLP-76 microclusters to the underlying actin cytoskeleton
via associated adaptors, such as ADAP and RIAM (Lafuente
et al., 2004; Pauker et al., 2011).

In the context of immune synapses, multiple adhesive and
co-stimulatory molecules contribute to T cell activation, mak-
ing it difficult to dissect the pathways operating downstream
of a particular receptor. This presents a significant complica-
tion, as integrins recruited into physiological immune synapses
and lipid bilayer—induced synapses (e.g. LFA-1, VLA-4) signal
through ADAP and SKAPS5S5 (Grakoui et al., 1999; Hunter et al.,
2000; Mittelbrunn et al., 2004; Baker et al., 2009). Here, we
use plate-bound antibodies specific for the TCR to establish
that SKAPSS is an integral component of TCR-induced SLP-76
microclusters, and is required for their persistence and centrip-
etal movement. We also show that SKAP55 regulates T cell
spreading downstream of the TCR, facilitates the formation of
stable contacts, and promotes adhesion via the TCR in the ab-
sence of integrin ligands. These processes require a functional
SKAPSS dimer and can be supported by an artificial “tandem
dimer” (TD) consisting of two SKAP55 SH3 domains coupled
via a flexible linker. These data demonstrate that SKAP55 regu-
lates cluster dynamics and TCR-based spreading and adhesion
by multimerizing ADAP. However, the TD cannot support the
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transmission of “inside-out” signals from the TCR to 3, inte-
grins and cannot bind to RIAM and talin, which play crucial
roles in T cell adhesion via integrins. Further, we show that
the deletion of an N-terminal dimerization motif (DM) within
SKAPS5S prevents the formation of SKAP55-RIAM-talin com-
plexes and eliminates the recruitment of talin into the TCR-
induced adhesive junctions within which SLP-76 microclusters
are nucleated. Thus, we have identified distinct structural ele-
ments that enable SKAPS5 to independently regulate adhesion
via the TCR and the transmission of local inside-out signals
from the TCR to integrins.

Results

The recruitment of SKAPSS5 into signalling
microclusters is dependent on SLP-76

and ADAP

The constitutive association of SKAP55 with ADAP enables
these adaptors to participate in a variety of biological processes
(Wu et al., 2002; Wang et al., 2003, 2007; Burbach et al., 2008,
2011). Because all SKAPS55 molecules associate with ADAP,
which engages SLP-76 directly when tyrosine phosphorylated,
we hypothesized that SKAP55 would function within SLP-76
microclusters (Marie-Cardine et al., 1998a; Pauker et al., 2011).
Thus, we plated SLP-76—deficient Jurkat cells (J14 cells) that
had been stably reconstituted with SLP-76.YFP (J14.SY cells)
on stimulatory antibody (OKT3)-coated and glass surfaces that
had been BSA blocked to minimize the deposition of serum
components on the glass. T cells settling onto these substrates
are activated via the TCR (Fig. S1 A), develop signaling micro-
clusters, and undergo cytoskeletal rearrangements that convert
the responding cells into flat adherent cells within 3—-5 min.
Under these conditions, endogenous SKAPS55 colocalized with
SLP-76 in TCR-induced microclusters (Fig. 1 A). Similarly, an
exogenous SKAPS55 chimera tagged with the red fluorescent
protein TagRFP-Turbo (TRT) entered and co-migrated with
SLP-76 microclusters (Video 1). To display the movement of
the SLP-76— and SKAP55-containing microclusters, movies
were compressed into maximum-over-time (MOT) images that
depict persistent, mobile microclusters as radial spokes extend-
ing from the periphery to the center of the contact (Fig. 1 B).
SKAPS55 was cytoplasmic in SLP-76-deficient J14 cells
expressing monomeric YFP (mYFP), but clustered when co-
expressed with exogenous SLP-76.YFP (Fig. 1 C). Although
ADAP increases the half-life of SKAPSS, it is possible to ex-
press exogenous SKAPS5S5 in the absence of ADAP (Fig. S1 B;
Huang et al., 2005). Using ADAP-deficient JDAP cells, we
demonstrated that the recruitment of SKAPS5S5 into persistent
and mobile microclusters also requires ADAP (Fig. 1 D). To
display microcluster persistence and directionality, we created
kymographs depicting lateral movement over time. In these
images the long, slanted traces represent persistent and mobile
microclusters, whereas shorter, vertical traces represent labile,
immobile microclusters (Fig. 1 E, top). SLP-76 microclusters
did not undergo sustained movements in the absence of ADAP,
even when exogenous SKAP55.mCFP was present. Recon-
stitution with exogenous ADAP restored normal microcluster
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Figure 1.

SKAPS55 is recruited into microclusters by SLP-76 and ADAP. (A) Immunofluorescent staining for endogenous SKAP55 in J14.SY cells fixed 5 min

after plating on anti-CD3 coated, BSA-blocked stimulatory coverslips. (B) J14.SY cells expressing either SKAP55.TRT (top) or TRT (bottom) were stimulated
on coverslips and imaged for 5 min. MOT projections depict the trajectories of microclusters over time (n = 20). (C) MOT images of J14 cells coexpress-
ing SKAP55.mRFP1 and either mYFP (top) or SLP-76.mYFP (bottom) (n = 3). (D) MOT images of ADAP-deficient JDAP cells coexpressing SKAP55.3xFlag.
mCFP, SLP-76.YFP, and either 3xFlag.TRT (top) or TRT.3xFlag.TRT.ADAP-120 (bottom) (n = 4). (E) Kymographs depicting the lateral movements of SLP-76,
SKAP55, and ADAP microclusters along a narrow region of interest spanning the center of the cell. Bars: (A-D) 10 pm; (E) 5 pm x 60 s.

dynamics, and enabled the comigration of SKAP55 with SLP-76
(Fig. 1 E). Thus, SKAPS5S5 recruitment to and movement with
signaling microclusters requires both SLP-76 and ADAP.

To determine if SKAPSS5 influences the dynamics of SLP-76
microclusters, we performed transient knockdown experiments
using a SKAPS55-specific ShRNA expression vector incorporat-
ing a monomeric red fluorescent protein 1 (mRFP1) reporter.
J14.SY cells transfected with the knockdown vector or a control
mRFP1 expression vector were isolated using a YFP*/RFP* gate
and imaged on stimulatory coverslips. The knockdown cells
had fewer SLP-76 microclusters, and these structures were both
labile and immobile (Fig. S1, C and D; and Video 2). Differences
in microcluster persistence, displacement, and peak speed were
quantified by manual microcluster tracing, which confirmed
the significance of the alterations in microcluster dynamics
(Table 1; £SEM in three or more experiments). These changes
were also depicted by compiling average traces for each cell,

and deriving a single composite kymograph for each condition,
weighing each cell equally (Fig. S1 E). In addition, the time-
averaged fraction of SLP-76.YFP intensity falling within mi-
croclusters was reduced upon SKAP55 knockdown (Table 1);
this parameter reflects microcluster number, relative brightness,
and survival over time (Table 1). SKAPS55-deficient cells also
formed less stable contacts with the stimulatory substrate over
time. To quantitate this phenotype, we used an automated seg-
mentation algorithm acting on the cytoplasmic mRFP1 signal
to track contact boundaries. Regions of boundary growth (red)
and retraction (blue) were defined by comparison with images
captured 30 s earlier; regions that remained constant were la-
beled in gray (Fig. S1 F; and Videos 3 and 4). Consistent with
our observations, the fluctuation of contact, defined as the
mean over time of the dynamic area (red + blue) per current
area (red + gray), increased after SKAP55 knockdown (Fig. S1,
F and G). These changes were associated with increases in
the extent and duration of periodic cycles of contact growth
and retraction (Fig. S1 H; color indicates rate of growth or
retraction along the cell perimeter). Because these analy-
ses were computationally intensive, we also categorized cell
boundaries as stable or unstable by blinded manual scoring.

SKAPS5 regulates distinct mechanisms of adhesion
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Table 1. Impact of SKAP55 mutants on SLP-76 microcluster dynamics
SKAP55  Persistence P Inward P Max speed P % SLP-76 P Clusterstracked P  Total n (experiments)
chimera movement in clusters per diameter cells

s pm nm/s
mRFP1  210.5 +£7.20 3.0+0.2 147.7 £ 6.1 62.0+2.8 15.1+0.48 46 19
KD 115.8+38.2 ** 0.6 £0.1 *x 57.8+8.6 ** 0 273x69 *x 1251 * 1t 10 3
WT 215.7 £7.52 3.4+£03 150 + 8.6 72.1+23 17.2 +0.87 * 29 15
WR 1293 +£18.9 ** tf 1.3+£03 ** {1 127.8+31.9 37666 **, tt 13.6+1.8 8 3
SH3 150.5 £ 164 **, t1 1.4+£05 ** 11 104.6+234 *, 1 419+154 * 1t 9.6+15 ** 1t 10 5
APH 222.9 £ 2.1 28+0.2 1542 £9.6 77329 15.3 +0.33 10 3
3YF 169 £ 164 *, 1t 23+03 153.5£17.4 66.5+5.1 16.4 £ 0.98 10 4
ADM 1759 +23.3 1.5+0.2 **, 1t 1377 £15.1 449 £52 ** 1t 133x1.5 ) 10 3
DM 133.1+£59 ** 1t 1.1+£0.1 o1t 1016262 ** ¢ 32+40 ** 1t 14 +2 10 3
™D 2272116 25+0.2 129.1 £ 23.8 73.1 1.1 14 +0.95 T 10 3

SLP-76 microcluster dynamics in J14.SY cells expressing each of the indicated constructs were measured on a per cell basis by manual tracing of microcluster
trajectories from SLP-76 kymographs. Values for each experiment were obtained by averaging these per cell values, weighing each cell equally. KD, knockdown.
Values displayed in the table are mean + SEM for the indicated number of experiments. From parental J14.SY cells expressing mRFP1: *, P < 0.05; **, P < 0.01.

From J14.SY cells expressing SKAP55.WT.mRFP1: t, P < 0.05; t1, P < 0.01.

This approach also revealed a significant destabilization of
contact boundaries in cells lacking SKAP55 (Fig. S1, T and J).

To verify that the phenotypes observed upon transient
knockdown were caused by the specific loss of SKAPSS, rather
than off-target effects of the hairpin, we derived SKAP55-
deficient J14.SY cells (JSKAP.SY) using a lentivirally encoded
SKAPS55-specific sShRNA. These cells were transfected with
vectors encoding either mRFP1 or a hairpin-resistant SKAPSS5.
mRFP1 chimera (Fig. 2 A). In contrast to J14.SY cells, JISKAP.
SY cells produced immobile and short-lived SLP-76 microclus-
ters (Fig. 2, B and C; Table 2; and Video 5). The reexpression of
SKAPSS restored optimal microcluster dynamics, confirming
that SKAPSS is an integral component of SLP-76 microclusters
(Fig. 2, B and C; Table 2; and Video 6). Finally, reconstitution
reduced boundary fluctuation in TCR-induced contacts, and
reduced the fraction of contacts scored as “unstable,” confirming
that SKAPSS also regulates the junctions formed in response to
solo TCR ligation (Fig. 2, D and E).

Defects in SLP-76 microcluster persistence and movement
have been correlated with significant reductions in TCR-
proximal signals, including calcium entry and CD69 up-
regulation (Bunnell et al., 2006; Sylvain et al., 2011). Although
the loss of SKAPSS clearly impacted microcluster properties
and TCR-induced cytoskeletal rearrangements, the suppression
of endogenous SKAPS5 did not dramatically impact TCR-
induced increases in CD69 expression or Erk activation (Fig. 2,
F and G).

The SKAP55 SH3 domain is necessary

but insufficient for recruitment into and
stabilization of SLP-76 microclusters
Consistent with the important role of ADAP in the recruitment of
SKAPSS into SLP-76 microclusters (Fig. 1, D and E), an ADAP
nonbinding SKAPS5 SH3 domain mutant chimera (W333R;
“WR?”) failed to cocluster with SLP-76 when overexpressed in
J14.SY cells (Fig. 3, A—-C). Relative to cells expressing either a
WT chimera or an mRFP1 control, cells expressing the W333R
mutant exhibited short-lived and immobile microclusters (Fig. 3,
B-D; Video 7; and Table 1). The SLP-76 microclusters produced
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in cells expressing the W333R mutant also incorporated less
SLP-76, but did not show significant decreases in peak mi-
crocluster speed (Table 1). An isolated SKAPS5 SH3 domain
(“SH3”) behaved as a dominant-negative for microcluster
dynamics even though it interacted with ADAP (Fig. 3, A-E;
and Table 1). Finally, the W333R mutant and the isolated SH3
domain reduced the stability of TCR-induced contacts (Fig. 3 F).
Thus, regions in the N terminus of SKAPS55 are critical for
its function.

The SKAPS55 Pleckstrin homology (PH)
domain and linker tyrosines play minimal
roles in SLP-76 microcluster dynamics and
contact stability downstream of the TCR
Within the central portion of SKAP5S5, two regions have been
implicated in intermolecular interactions: a PH domain and
a tyrosine-phosphorylated linker region (Wu et al., 2002;
Hornbeck et al., 2004; Swanson et al., 2008; Fig. 4 A). Nev-
ertheless, SKAPS55 chimeras lacking the PH domain (APH) or
the linker tyrosines (Y219F/Y232F/Y271F, “3YF”) entered
SLP-76 microclusters (Fig. 4, A-C). Only the 3YF chimera ex-
hibited even a mild (but significant) dominant-negative effect
on microcluster dynamics or TCR-mediated contact stabil-
ity (Fig. 4, D and E; and Table 1). Reconstitution of JSKAP.
SY cells with matched levels of shRNA-resistant wild-type,
3YF, APH, or inositide nonbinding (R131M, PH*) SKAPS55
chimeras all improved SLP-76 microcluster dynamics relative
to cells expressing only 3xFlag. TRT, and all three mutant chi-
meras stabilized contacts in JSKAP.SY cells (Fig. 4, E and F;
and Fig. S2 A; Swanson et al., 2008). SKAP55 did not recruit
to the plasma membrane at surfaces outside of SLP-76 mi-
croclusters, either at or above the stimulatory coverslip, even
though the phosphatidylinositol-3,4,5-trisphosphate—binding
PH domain of Akt clearly labeled these membranes (Fig. 4 G).
Furthermore, an isolated SKAP55 PH domain chimera was
not recruited to the plasma membrane and remained distrib-
uted throughout the cytoplasm and nucleus after TCR ligation
(Fig. S2 B). Thus, in our model system, the PH domain and the
linker tyrosines of SKAPSS5 are neither necessary nor sufficient
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ing mRFPT or SKAP55.mRFP1 were stimulated on coverslips and imaged for at least 5 min. Representative MOT images and kymographs are shown.
Bars: (MOT images) 10 pm; (kymographs) 5 pm x 60 s. See Table 2 for microcluster properties and experiment numbers. (C) Composite microcluster
traces for the conditions examined in B. Numbers in parentheses indicate the total number of cells examined. Line intensity corresponds to the fraction of
microclusters surviving; arrowheads identify points of half-maximal microcluster dissociation. (D) Fraction of the contact area engaged in fluctuation (see
Fig. S1, Fand G; n = 3). (E) Fraction of cells scored as displaying unstable contacts (see Fig. S1, I and J; n = 5). (F) Surface expression of CDé9 in J14.SY
and JSKAP.SY cells, affer normalization to a TCR-stimulated J14.SY control (n = 4). (G) Kinetics of Erk1/2 phosphorylation in J14.SY and JSKAP.SY
stimulated for the indicated time points (n = 3). Error bars indicate mean + SEM. From parental J14.SY cells (with or without mRFP1): **, P < 0.01. From

JSKAP.SY (with or without mRFP1): ##, P < 0.01.

for either the recruitment of SKAPS55 to the plasma membrane
or the entry into and stabilization of SLP-76 microclusters
by SKAPSS.

SKAPS55 mediates the inside-out pathways that enable
integrin-dependent adhesion after TCR ligation (Wang et al.,
2003; Kliche et al., 2006). However the role of the SKAP55

PH domain in the transmission of these signals remains con-
troversial (Kliche et al., 2006; Burbach et al., 2011). In the cur-
rent study, the WT, APH, 3YF, and R131M SKAPS55 chimeras
reconstituted TCR-induced adhesion to fibronectin (Fig. 4 H),
confirming that neither the PH domain nor the linker tyrosines
of SKAPS5 are required for the activation of the predominant

Table 2.  Impact of SKAP55 mutants on SLP-76 microcluster dynamics in JSKAP.SY
SKAP55  Persistence P Inward P Max speed P %SLP-76in P Clusterstracked P Total cells n (experiments)
chimera movement clusters per diameter
s pm nm/s
mRFP1 103.9+£352 1t 0.89+0.13 ff 84.04+156 Tt 25.8+6.8 1t 11.7+£1.2 ) 18 7
WT 2353 +13.5 ** 3.27+047 ** 131.1+£10.5 *x 67329 ** 154 +1 * 14 [
Hom 221.2+148 ** 3.29+0.13 ** 1884+259 ** t 73704 ** 15.9 +0.57 * 10 3
ADM 111.3+£23.8 1t 0.88+0.09 tft 74.6 +18.4 Tt 19.0+7.2 1t 4.8 £0.92 ** 1t 9 3
™D 203.4 £ 20.9 295+£0.14 ** 1295+126 65.1+28 ** 13.5+1.3 10 3

SLP-76 microcluster dynamics in JSKAP.SY cells were measured as in Table 1. From JSKAP.SY cells expressing mRFP1: *, P < 0.05; **, P < 0.01. From JSKAP.SY with

SKAP55.WT.mRFP1 add-back: 1, P < 0.05; tt1, P < 0.01.

SKAPS5 regulates distinct mechanisms of adhesion
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fibronectin-binding integrins expressed on Jurkat T cells (ayf3,/
VLA-4 and as@,/VLA-5; Seminario et al., 1998). Because the
loss of SKAPS5S destabilized the contacts formed in response to
solo TCR ligation (Fig. 2), we also examined whether adhesion
via the TCR was impaired in the absence of SKAP55 (Nguyen
et al., 2008; Chapman et al., 2012). In fact, the loss of SKAP55
reduced TCR-dependent adhesion to the basal levels observed
in the absence of immobilized stimulatory antibodies. Recon-
stitution with matched levels of shRNA-resistant wild-type,
APH, 3YF and R131IM chimeras significantly attenuated this
defect (Figs. 4 I and S2 C). Thus, the cluster stabilizing and
pro-adhesive functions of SKAPS55 require the interaction with
ADAP and an unidentified structural element N-terminal to the
PH domain.

SKAPS55 and SKAP-Hom possess similar domain structures
(Fig. 5 A). Although SKAP-Hom is not expressed in Jurkat

T cells, it has been observed in primary murine T cells (Marie-
Cardine et al., 1998b; Jo et al., 2005). On this basis it has
been suggested that SKAP-Hom cannot compensate for the
loss of SKAPS55 (Jo et al., 2005; Heng et al., 2008). However,
when expressed in J14.SY cells, an mRFP1-tagged SKAP-
Hom chimera entered and co-migrated with TCR-induced
SLP-76 microclusters (Fig. 5, B and C). In addition, when
expressed in JSKAP.SY cells, the SKAP-Hom chimera re-
constituted normal microcluster dynamics and reduced the
fraction of cells exhibiting unstable contacts (Fig. 5, D and E;
Table 2; and Fig. S2 D). Furthermore, the SKAP-Hom chi-
mera restored TCR-elicited adhesion to fibronectin and adhe-
sion via the TCR itself. (Fig. 5, F and G; and Fig. S2 E).
Whereas our studies used SKAP55 and SKAP-Hom chimeras
expressed at similar levels, the study that argued for the non-
equivalence of these proteins did not evaluate their relative
abundances. Our data suggest that SKAP-Hom only fails to
compensate for the loss of SKAPS55 in primary T cells be-
cause it is not expressed at sufficient levels (Marie-Cardine
et al., 1998b; Heng et al., 2008).



The SKAPS5S5 DM is required for
recruitment to and stabilization of

SLP-76 microclusters, and for adhesion

to both TCR and integrin ligands

Because SKAP-Hom can substitute for SKAP55, the N-terminal
DM observed in both proteins could contribute to microclus-
ter stabilization and T cell adhesion. Secondary structure
prediction and molecular modeling indicated that the DM
motif of SKAP55 forms a homodimer, as in SKAP-Hom
(Fig. S3, A-D; Swanson et al., 2008; Zhang, 2008; Roy et al.,
2010). To test this, we created deletion mutants lacking the
entire DM (ADM) or retaining only the DM motif (Fig. 6 A). Co-
immunoprecipitations confirmed that the N-terminal DM motif
of SKAPSS is both necessary and sufficient for dimer formation
(Fig. 6 B). Finally, both SKAPS55 and the isolated SKAPS55
DM motif captured SKAP-Hom, which is consistent with the
conservation of key hydrophobic residues within the dimer-
ization interface (Fig. S3, A and E). Therefore, SKAPS55 and
SKAP-Hom are likely to form functional heterodimers if co-
expressed in vivo.

Upon overexpression, the SKAP55 ADM mutant re-
mained cytoplasmic and weakly destabilized TCR-induced
SLP-76 microclusters (Fig. 6, C-E; and Table 1). In contrast,
the isolated SKAP55 DM motif potently antagonized micro-
cluster dynamics (Fig. 6, C-E; Table 1; and Video 8). Fur-
thermore, the isolated DM motif destabilized TCR-dependent
contacts to a greater extent than the ADM chimera (Fig. 6 F).
However, in the absence of endogenous SKAP55, an shRNA-
resistant ADM chimera failed to restore microcluster dynamics
(Fig. 6, C and E; Video 9; Table 2; and Fig. S2 F). Similarly,
reconstitution with the ADM chimera failed to restore either
TCR-induced adhesion to fibronectin or adhesion via the TCR
(Fig. 6, G and H; and Fig. S2 G). Thus, the SKAP55 DM
motif is required for the adhesive function of the TCR and
for TCR-mediated increases in integrin adhesion. Thus, we
hypothesized that the most potent dominant-negative SKAP55
chimeras, including the SH3 domain mutant (W333R) and the
isolated DM motif destabilize SLP-76 microclusters by het-
erodimerizing with endogenous SKAPSS5 and preventing the
multimerization of ADAP (Fig. 6 I).

A TD composed of linked SKAPS55 SH3
domains stabilizes SLP-76 microclusters
and promotes adhesion to TCR ligands,

but not to integrin ligands

Because the SKAP55 DM motif could stabilize SLP-76 mi-
croclusters by dimerizing ADAP and increasing overall mi-
crocluster avidity or by recruiting additional effector proteins,
we generated an artificial TD consisting of two SKAP55 SH3
domains linked by a 3YF linker region (Fig. 7 A). Unlike the
isolated SH3 domain (Fig. 3), this chimera entered SLP-76
microclusters and had no significant impact on SLP-76 micro-
cluster dynamics upon overexpression in J14.SY cells (Fig. 7,
C and D; and Table 1). Although the TD weakly destabilized
TCR-initiated contacts upon overexpression in J14.SY cells,
this effect was not significant (Fig. 7 E). In reconstitution
studies, the hairpin-resistant TD restored optimal SLP-76

microcluster dynamics (Fig. 7, C and D; Video 10; Table 2;
and Fig. S2 H). Remarkably, reconstitution with the TD in-
creased the stability of TCR-induced contacts and promoted
adhesion via the TCR nearly as well as wild-type SKAPSS,
but could not support TCR-mediated increases in adhesion to
the oyf3; and «sP; integrin ligand fibronectin (Fig. 7, E-G; and
Fig. S2 G; Shimizu et al., 1990; Arroyo et al., 1992; Springer,
1994; Seminario et al., 1998). Thus, the dimerization of the
SKAP55 SH3 domain is sufficient to support microcluster
stability and adhesion via the TCR, whereas the DM motif plays
a distinct and critical role in the regulation of adhesion via
{3, integrins (Fig. 7 G).

The DM motif is required for the
interaction of SKAPS55 with the
integrin-activating molecule RIAM and for
the recruitment of talin into TCR-induced
adhesive junctions

The SKAP55 DM motif regulates LFA-1 affinity via a com-
plex incorporating RapL, macrophage stimulating 1 (Mstl), and
Rapl (Raab et al., 2010). As expected, RapL. coimmunopre-
cipitated with full-length SKAP55 and was not captured with
the ADM chimera (Fig. 8 A). However, this complex acts via
the al. subunit, and cannot explain the ability of SKAPSS5 to
facilitate adhesion to fibronectin. We found that SKAPSS also
requires its DM motif to capture RIAM, a Rapl-dependent
adaptor molecule that interacts with talin to facilitate integrin
activation via a motif present in all integrin (3 chains (Fig. 8 A;
Han et al., 2006; Ménasché et al., 2007; Watanabe et al., 2008;
Lee et al., 2009). None of these integrin-activating proteins
coimmunoprecipitated with the SKAP55 TD (Fig. 8 B).

In J14.SY cells stimulated through the TCR, endogenous
talin entered distinct structures found alongside peripheral
SLP-76 microclusters, but also accumulated in the center of the
contact, where it overlapped with a centralized pool of SLP-76
microclusters (Fig. 8 C and Fig. S4 A). In JSKAP.SY cells, talin
clusters were more uniformly distributed, and the accumulation
of talin in the center of the contact was reduced significantly
(Fig. 8, C and E; and Fig. S4 B). These defects in talin local-
ization were eliminated upon reconstitution with wild-type
SKAPS5S5, but not with the TD (Fig. 8, D and E; and Fig. S4,
C and D). Because SKAPSS5 regulates T cell adhesion via the
TCR (Figs. 4-7), we postulated that SKAP55 regulates the
integrity of the adhesive junctions formed by the TCR itself.
These junctions are subdomains within the plasma membrane
that form intimate contacts with the underlying substrate and
are substantially resistant to extraction via mechanical disrup-
tion (Harder and Kuhn, 2000; Bunnell et al., 2001, 2002). To
examine whether SLP-76 and talin are retained within these
junctions, we sheared away the bodies of cells fixed after stimu-
lation on immobilized TCR ligands. The central accumu-
lations of SLP-76 and talin observed in J14.SY cells were
eliminated by this procedure, which indicates that this pool
is not in intimate contact with the substrate. Nevertheless,
SLP-76 and talin were retained in adherent complexes in the
contact periphery and partially overlapped with one another.
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Fig. 2 B. See Table 1 for microcluster properties and experiment numbers. (D) Composite microcluster traces for the conditions examined in C; numbers in
parentheses indicate the total number of cells examined. Line infensity corresponds to the fraction of microclusters surviving; arrowheads identify points of
half-maximal microcluster dissociation. (E) Fraction of cells scored as displaying unstable contacts (n = 4). (F) JSKAP.SY cells transiently transfected with the
indicated SKAP55.mRFP1 chimeras were stimulated, imaged, and presented as in Fig. 2 B (n = 3). (G) JSKAP.SY cells transfected with Akt.PH.mCFP and
SKAP55.mRFP1 chimeras were imaged as in Fig. 2 B. Still images acquired at and 4 pm above the coverslip are shown (n = 3). (H) Fractional retention of
unstimulated or TCR-stimulated cells on fibronectin-coated coverslips was calculated by dividing the post-wash signal by the prewash signal and normalizing
to the corresponding PMA control (n = 3). () Fractional retention of T cells on uncoated or anti-CD3 coated coverslips was calculated by dividing the post-
wash signal by the prewash signal (n = 3). Bars: (C and F, MOT images; and G) 10 pm; (C and F, kymographs) 5 pm x 60 s. Error bars indicate mean =
SEM. From parental J14.SY cells (with or without mRFP1): *, P < 0.05. From JSKAP.SY (with or without mRFP1): #, P < 0.05.
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Figure 7. An artificial SKAP55 TD is sufficient for recruitment to and stabilization of SLP-76 microclusters, and for adhesion to TCR but not integrin
ligands. (A) Domain structure of the SKAP55 TD chimera. (B) J14.SY cells were transiently transfected with WT and TD chimeras and blotted to confirm
comparable expression levels (n = 3). (C) J14.SY and JSKAP.SY cells expressing the TD chimera were stimulated, imaged, and presented as in Fig. 2 B.
See Tables 1 and 2 for microcluster properties and experiment numbers. Bars: (conventional images) 10 pm; (kymographs) 5 pm x 60 s. (D) Composite
microcluster traces for the conditions examined in C; numbers in parentheses indicate the total number of cells examined. Line intensity corresponds to
the fraction of microclusters surviving; arrowheads identify points of half-maximal microcluster dissociation. (E) Fraction of cells scored as displaying
unstable contacts (n = 6). (F and G) Fractional retention on anti-CD3-coated or fibronectin-coated coverslips, as described in Fig. 4 (n = 3). Error bars
indicate mean + SEM. From parental J14.SY cells (with or without mRFP1): *, P < 0.05; **, P < 0.01. From JSKAP.SY (with or without mRFP1): #, P <
0.05. From JSKAP.SY with SKAP55 WT.mRFP1 add-back: t, P < 0.05.

However, SLP-76, but not talin, was retained within the ad- restored (Fig. 8 G). These data suggest that the SKAP55 DM
hesive junctions formed by JSKAP.SY cells. Upon recon- motif governs the recruitment of talin into TCR-dependent
stitution with wild-type SKAPSS5, but not with the TD, the adhesive junctions and the recruitment of talin into a central
retention of talin at sites adjacent to SLP-76 microclusters was pool that is not tethered to the stimulatory substrate.

and JSKAP.SY cells transiently expressing the ADM and DM alone chimeras were stimulated, imaged, and presented as in Fig. 2 B. See Tables 1 and 2
for microcluster properties and experiment numbers. Bars: (MOT and conventional images) 10 pm; (kymographs) 5 pm x 60 s. (D) Cells were lysed and
Western blotted to determine relative expression of the WT, ADM, and DM-only chimeras (n = 3). (E) Composite microcluster traces for the conditions
in C; numbers in parentheses indicate the total number of cells examined. Line intensity corresponds to the fraction of microclusters surviving; arrowheads
identify points of half-maximal microcluster dissociation. (F) Fraction of cells scored as displaying unstable contacts (n = 5 or more). (G and H) Fractional
retention on anti-CD3-coated or fibronectin-coated coverslips, as in Fig. 4 (n = 3). () Proposed mechanism by which the SKAP55 dimer stabilizes SLP-76
microclusters downstream of TCR ligation. Error bars indicate mean + SEM. From parental J14.SY cells (with or without mRFP1): *, P < 0.05; **, P < 0.01.
From JSKAP.SY (with or without mRFP1): #, P < 0.05; ##, P < 0.01. From JSKAP.SY with SKAP55.WT.mRFP add-back: 1, P < 0.05.

SKAPS55 regulates distinct mechanisms of adhesion

1031



A TL IP (Flag) B TL  IP(Flag)

3xFlag.TRT chimera:  WTADM  WT ADM 3xFlag.TRT chimera: WTTD WT TD
Mst1 - - — - 50 kD Mst1 S— - - 50 kD
RapL s s >— ~ 20D RapL | s == = -50 kD
RIAM e - - -75kD RIAM (S aee & _75kD
Talin -250 kD Talin e - = - 250 kD
Flag | = - =il KD Flag | = — -75kD
Bl - ~—
C Talin IF SLP-76.YFP Merge D TalinIF SKAP55.TRT  SLP-76.YFP Merge

>
%)
ql
=
>—
9
% -
(]
-
whole cell (OKT3) JSKAP.SY - whole cell (OKT3)
J14.SY (4x zoom) JSKAP.SY (4x zoom) JSKAPSY + WT (4x zoom) JSKAP.SY + TD (4x zoom)

E —100 -
3 100 0J14.8Y Condition Cell number
8 g0 w [ JSKAP.SY
=3 @ JSKAP.SY + WT J14.8Y 258
o 60 | il
g -t ” B JSKAP.SY + TD JSKAP.SY 204
g 40 1 o JSKAP.SY + WT 75
[ .
& 20 1 JSKAP.SY + TD 69
= with talin clusters with central talin
F Talin IF SLP-76.YFP Merge G Talin IF SKAP55.TRT  SLP-76.YFP Merge

J14.8Y

WT

JSKAP.SY
TD

sheared (OKT3) JSKAP.SY - sheared (OKT3)
J14.8SY (4x zoom) JSKAP.SY (4x zoom) JSKAP.SY + WT (4x zoom) JSKAP.SY + TD (4x zoom)

Figure 8. The SKAP55 DM is required for binding to RapL and RIAM, and governs the recruitment of talin into TCR-induced contacts. (A and B) 3xFlag.
TRT-tagged SKAP55 wild-type (WT), DM deleted (ADM), and TD chimeras were expressed in J14.SY cells and immunoprecipitated via the Flag epitope.
Blots of total lysates and immunoprecipitates are shown (n = 3). (C and D) Images of SLP-76.YFP (blue) and endogenous talin immunofluorescence

1032



SKAPS5 governs the distribution of
SLP-76 and talin microclusters within
TCR-induced contacts, but does not alter
the distribution of B, integrins

Talin interacts with the cytoplasmic tails of integrin (3-chains
and promotes the conversion of integrins into high-affinity states;
therefore, SKAPS55 and talin might be expected to control
the localization of (3; integrins. Nevertheless, immunofluores-
cent stains revealed that 3, integrin clusters were distributed
throughout the contact, whether SKAP55 was present or not
(Fig. 9, A—C). In contrast, the loss of SKAPS55 reduced the cen-
tral clustering of talin and SLP-76, and increased the appearance
of these proteins at the edge of the contact (Fig. 9, A, C, and D).
Remarkably, the distributions of {3, integrin, talin, and SLP-76
were substantially exclusive of one another, with overlap pri-
marily occurring at the margins of adjacent structures (Fig. 9,
B-D). Because similar mutually exclusive arrangements have
been observed for microclusters whose components clearly
interact with one another (e.g. ZAP-70 and SLP-76 microclus-
ters), these structures may represent distinct functional modules
that interact with one another at their boundaries (Nguyen et al.,
2008; Sherman et al., 2011).

To identify regions of potential interaction among adja-
cent structures, we used an automated thresholding algorithm
to identify SLP-76, talin, and 8; microclusters. Regions of
pairwise “adjacency” (see Materials and methods) were pseu-
docolored yellow (SLP-76 near talin), magenta (talin near {3;),
or cyan (3; near SLP-76), merged, and labeled to indicate the
boundary of the contact (Fig. 9, B and C). Microcluster enrich-
ments in the edge of the contact, the center of the contact, and
the intervening “middle” region were calculated by normaliz-
ing cluster density in the region of interest by the correspond-
ing cluster density in the entire contact (Fig. 9 D). Similarly, we
calculated the fraction of each domain engaged in adjacency
(Fig. 9E). In J14.SY cells, regions of adjacency between SLP-76
and talin (yellow) were predominantly found in the center of the
contact, with the remainder found in the middle region, rather
than the edge of the contact. In contrast, adjacency between
{3, integrin and talin (magenta) was more evenly distributed be-
tween the middle region and the center of the contact. In the
absence of SKAPSS5, these distributions were significantly al-
tered, such that the regions of adjacency between SLP-76 and
talin and between {3, integrin and talin shifted toward the outer
margin of the contact.

Discussion

The mechanisms by which SKAP-family adaptors are inte-
grated into receptor proximal signaling networks are not yet

well understood. Here, we show that SKAPSS is recruited into
SLP-76 microclusters via ADAP, and is retained within the TCR-
induced junctions that anchor T cells to stimulatory substrates.
In addition, SKAP55 regulates the persistence and movement
of SLP-76 microclusters, stabilizes the boundaries of TCR-
induced contacts, and facilitates T cell adhesion via the TCR and
via 3, integrins. Although microcluster persistence is commonly
associated with efficient T cell activation, SKAP55 was not re-
quired for TCR-dependent increases in CD69 expression or Erk
activation, establishing that these outputs do not require the
formation of persistent microclusters. These data require a re-
evaluation of prior observations that linked microcluster per-
sistence to the efficacy of TCR-induced Erk activation and
CD69 up-regulation, and suggest that these defects were caused
by the impaired recruitment or function of key effector mol-
ecules, rather than a nonspecific reduction in the cohesion of
SLP-76 microclusters (Bunnell et al., 2006; Sylvain et al., 2011).

We also show that the SKAP55 PH domain and the pre-
dominant tyrosine phosphorylation sites in SKAPSS are not re-
quired for normal SLP-76 microcluster dynamics, for adhesion
via the TCR, or for adhesion via [, integrins. Instead, these
functions all require an N-terminal dimerization (DM) motif
similar to that observed in SKAP-Hom (Swanson et al., 2008).
The DM motifs of SKAP55 and SKAP-Hom form both homo-
typic and heterotypic dimers; further, contrary to prior studies,
our data indicate that SKAP-Hom is functionally redundant
with SKAP55 in T cells (Jo et al., 2005). Finally, we show that
the DM motif influences T cell adhesion via two distinct mecha-
nisms, involving either the oligomerization of microcluster
components and the generation of adhesive junctions by the
TCR, or the coupling of the DM motif to effector proteins re-
sponsible for the activation of 3; integrins.

Based on the data presented in Figs. 3-7, we conclude
that overexpressed SKAP55 mutants reduce microcluster per-
sistence and movement to the extent that they prevent the di-
merization of endogenous SKAP55 SH3 domain ligands.
Consistent with this hypothesis, SKAP55 mutants do not re-
store normal microcluster dynamics unless capable of dimer-
izing endogenous ADAP (Fig. S5 A). According to this model,
the dominant-negative impacts of the monovalent SKAP55
SH3 domain and the SKAP55 ADM mutant result from the se-
questration of SH3 domain ligands from endogenous SKAPSS,
whereas the potent dominant-negative impacts of the full-
length SKAP55 SH3 mutant and the isolated DM motif reflect
their ability to perturb endogenous SKAPS5 dimers (Figs. 6 1
and S5 B).

The SKAP55 TD supports microcluster persistence,
microcluster movement, the stabilization of TCR-induced
contacts, and adhesion via the TCR. However, it does not

(green) in J14.SY or JSKAP.SY cells stimulated on anti-CD3-coated plates and fixed after 10 min. Boxed regions were magnified 4x (shown below) to
show microclusters at higher resolution (n = 3 or more). (D) JSKAP.SY cells were transfected with wild-type (WT) or TD SKAP55.3xFlag.TRT chimeras
(red) before stimulation. (E) The frequency of cells exhibiting talin clustering and the central accumulation of talin were scored manually, using the
images acquired above. (F and G) Cells were prepared as in C and D, but after fixation and before immunofluorescent staining cell bodies were
sheared away, leaving cellular material only within the areas of tight contact between the cell and stimulatory substrate. Bars: (main panels) 10 pm;
(enlarged panels) 2.5 pm. Error bars indicate mean + SEM. From parental J14.SY cells: **, P < 0.01. From JSKAP.SY cells: ##, P < 0.01. From JSKAP.SY

reconstituted with SKAP55.WT.3xFlag.TRT: t1, P < 0.01.

SKAPS5 regulates distinct mechanisms of adhesion ¢« Ophir et al.

1033


http://www.jcb.org/cgi/content/full/jcb.201305088/DC1

1034

>

B IF Talin IF SLP-76.YFP Merge D Fold Enrichment in Subdomains of Contact

3.5 4 * OEdge
> * OMiddle
7] 3.0 1 BCenter
<
- 2.5 1 *
20
15 1 . :
(>,;_ 1.0 1 :
% 0.5 -
(2 0.0 7
0.5 ] J14.5Y USKAPSY J14.5Y JUSKAPSY J14.5Y JSKAPSY
Talin (IF) SLP-76 (YFP) Beta (IF)
B Adjacency
Merges
N W s (F)
[0]
< o
] Talin (IF
3 ] (IF)
SLP-76
O .YFP
Adjacency
SLP-76
o o 03+ Taiin
o, ]
o 3] g1+
() Talin
g1+
O SLP-76
O O
o °
(&] (&]
J14.SY (anti-CD3) JSKAP.SY (anti-CD3)
E35 0- Fraction of Region Exhibiting Adjacency F
DEdge * g1 mAb Talin mAb SLP-76 mYFP ZAP-70 mCFP
300 1 S * (C-terminal) (8D4, Rod) (C-term Tag) Nguyen 2008
iddle
25.0 4 BCenter ‘ ‘ ‘ ‘
2070 4 EC—p1--Tail._Talin Hd - RIAM ) SKAP-ADAP-SLP-76 : : ZAP TCR)
15:0 | ( SKAP-ADAP-SLP76_: . ZAP_TCR)

* %

. .

- --Vinculin / Actin

J14.8Y JSKAPSY J14.8Y JSKAPSY J14.8Y JSKAP.SY
SLP-76 / p1 B1/ Talin Talin/ SLP-76
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support integrin activation downstream of the TCR, and does
not interact with regulators of integrin activation, such as
RIAM, talin, RapL, and Mstl. Thus, the integrin-activating
ability of SKAPSS5 represents a distinct functional module
that can be ablated without impacting the dynamics of SLP-76
microclusters. In contrast, we were unable to identify muta-
tions that decouple the persistence and movement of SLP-76
microclusters from contact stabilization and adhesion via
the TCR.

SKAPSS5 participates in the regulation of integrin affinity
through distinct Rap1-containing complexes: one incorporates
RapL and acts on oL integrins, the other incorporates RIAM
and talin and acts though integrin (3 chains (Ménasché et al.,
2007; Raab et al., 2010; Kliche et al., 2012). Our data demon-
strate that the DM motif of SKAPSS is required for the associa-
tion of RIAM and talin with SKAPS55, for TCR-induced
adhesion via [3; integrins, for the retention of talin in adhesive
junctions adjacent to SLP-76 microclusters, and for the colocal-
ization of talin and SLP-76 in nonadherent centralized micro-
clusters (Fig. 10 B). In the absence of SKAPSS, integrin-mediated
adhesion is impaired, talin is eliminated from TCR-induced
junctions, and the central clusters of talin and SLP-76 are lost.
Finally, talin and SLP-76 redistribute to the outermost edge of
the contact in the absence of SKAPSS.

SLP-76, talin, and 3, integrins participate in intercon-
nected complexes. Nevertheless, these structures were dis-
tinguishable and adjacent from one another. This pattern is
consistent with the sizes of the complexes involved, assum-
ing their constituents adopt extended conformations, as dia-
grammed in Fig. 9 F (Shaw, 2006; Kanchanawong et al.,
2010; Margadant et al., 2011). However, triple adjacency was
rarely observed, which suggests that complexes bridging
SLP-76 to 3, integrins are not maintained for long periods of
time. Instead, we suggest that SLP-76 and talin are initially
recruited to the outermost edges of TCR-induced contacts
through SKAP55-independent interactions with Abi/WAVE
complexes (Zipfel et al., 2006; Nolz et al., 2007). Subse-
quently, we expect talin to interact with SLP-76 in a SKAP55-
and Rapl-dependent manner, giving rise to activated clusters
of B, integrins in the regions lagging the edge of the contact
(Fig. 10 B). Finally, we expect vinculin to displace SKAP55
and SLP-76 from fully activated integrins, whereas nonen-
gaged SLP-76 and talin complexes are extracted from the cell
surface and transported to the center of the contact (Fig. 10 C;
Lee et al., 2013).

In contrast to the DM motif, the PH domain of SKAP55
proved dispensable for the persistence and movement of
SLP-76 microclusters, for the stabilization of TCR-induced
contacts, and for adhesion via both the TCR and (3, integrins
(Fig. S5 C). In addition, SKAP55 was not recruited to the
plasma membranes of TCR-stimulated Jurkat T cells, de-
spite constitutively high levels of phosphatidylinositol-3.4,
S-trisphosphate in these cells, as confirmed through the use
of the PH domain of Akt as a positive control (Seminario et al.,
2004). Our data are consistent with prior studies in Jurkat
T cells, which also failed to identify a role for the PH do-
main of SKAP55 in TCR-induced adhesion to integrin ligands

(Kliche et al., 2006). Although several studies have reported
the recruitment of SKAPSS5 into an insoluble membrane frac-
tion in Jurkat cells, SKAPS55 may, in fact, be rendered insol-
uble through interactions with large signaling complexes, or
through interactions with insoluble actin polymers (Ménasché
et al., 2007; Burbach et al., 2008, 2011; Raab et al., 2011).
Nevertheless, our observations appear to be at odds with the
roles of the SKAP55 PH domain in synaptic localization and
integrin activation in primary murine T cells (Burbach et al.,
2011). Because the isolated SKAP55 PH domain appears
to be incapable of binding the plasma membrane, we propose
that this domain normally engages lipids only once SKAP55
has been recruited into microclusters via ADAP, whereupon
lipid recognition by the PH domain promotes the conversion
of SKAPS5S5 into a “open” conformation that liberates the DM
motif to engage integrin-activating ligands (Fig. S5 D). What-
ever the source of these differences, our data indicate that the
PH domain is not an integral component of the systems that
activate integrins in response to TCR ligation, but may instead
regulate these functions in primary T cells.

Our data suggest SKAPSS5 regulates microcluster dy-
namics, contact stability, and TCR adhesion by multimerizing
ADAP, SLP-76, Gads, and LAT into higher-order complexes
that couple TCR-induced microclusters to the pro-adhesive
and force-generating systems of the actin cytoskeleton (Fig. 10,
A and B). In their incorporation of tyrosine kinase-dependent
scaffolds that impact the organization of the cytoskeleton,
SLP-76 microclusters resemble focal adhesions and podo-
somes (Burgstaller and Gimona, 2004; Johansson et al., 2004;
Evans and Matsudaira, 2006; Gomez et al., 2006; Block et al.,
2008; Gimona et al., 2008; Ha et al., 2008; Machesky et al.,
2008; Oikawa et al., 2008; Ory et al., 2008; Albiges-Rizo
et al., 2009; Carrizosa et al., 2009; Oikawa and Takenawa,
2009; Sage et al., 2012). Based on these similarities and
on the coupling of SLP-76 microclusters to the actin cyto-
skeleton, the orientation of actin filaments above SLP-76
microclusters, the association of SLP-76 microclusters with
adhesive structures, and the adjacency of SLP-76 microclus-
ters to integrins, we propose that SLP-76 microclusters func-
tion as lymphocyte-specific podosomes (Bunnell et al., 2001,
2002; Nguyen et al., 2008; Bunnell, 2010; van den Dries et al.,
2013). In this manner, SLP-76 microclusters may couple
integrin-mediated adhesions to local actin polymerization,
generating both the “downwardly directed” forces required
to overcome glycocalyx repulsion and the lateral shear forces
required for efficient TCR mechanotransduction (Seminario
and Bunnell, 2008; Martinez-Martin et al., 2011; Wang and
Reinherz, 2012).

Materials and methods

Cell lines and transfections

Jurkat T cells were maintained in RPMI-1640 (BioWhittaker) supplemented
with 10% FBS, 20 mM glutamine, and 10 pg/ml ciprofloxacin. SLP-76-
deficient Jurkat cells (J14 cells) were a gift of A. Weiss (University of Cali-
fornia, San Francisco, San Francisco, CA). ADAP-deficient Jurkat cells
(JDAP cells) were a gift of R. Wange (National Institutes of Health,
Bethesda, MD). J14 cells stably reconstituted with SLP-76.YFP (J14.SY cells)
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have been described previously (Bunnell et al., 2006). J14.SY cells lacking
SKAP55 (JSKAP.SY cells) were generated by lentiviral transduction and se-
lection in puromycin. J14.SY and JSKAP.SY lines stably expressing SKAP55
chimeras tagged with a red fluorescent protein were created by lentiviral
transduction and sorting for double-positive cells with matched brightness
via flow cytometry. Transient transfections were performed as described
previously (Bunnell et al., 2006). Human 293T renal epithelial cells were
cultured in DMEM (Cellgro) supplemented with 10% FBS, 20 mM t-glutamine,
100 U/ml penicillin, and 100 U/ml streptomycin.

Lentivirus production and lentiviral transduction

24 h before transfection, 293T cells were replated so that on the day of
transfection they were ~65-75% confluent. For each 10-cm plate, 18 pl
of FUGENE 6 transfection reagent (Roche) was incubated with 142 pl of
serum-free DMEM for 5 min. Concurrently, é pg of the lentiviral expression
and/or knockdown vectors was combined with 1.5 pg of the packaging
plasmid psPAX2 and 0.5 pg of the pseudotyping plasmid pMD2.G in
40 pl of serum-free DMEM. These mixes were combined and incubated
for 30 min at room temperature, and were added to 293T cells in a drop-
wise fashion. After 12-15 h, the transfection cocktail was replaced with
fresh media, and the lentiviral supernatants were collected 66-72 h after
transfection. Jurkat cells were transduced by combining equal parts rapidly
dividing Jurkat cells, fresh lentiviral supernatants, and complete RPMI. For
fluorescent chimeras, the efficiency of transduction was assessed in fixed
cells after 48 h, and was typically 50-90%.

SKAP55 cloning and mutagenesis

Vectors encoding mRFP1 and TRT were obtained from R. Tsien (University of
California, Davis, La Jolla, CA) and subcloned into “n1-type” vectors (Takara
Bio Inc.) by PCR. Where specified, sequences encoding triple FLAG epitope
tags (3xFlag) were subcloned 5’ to the encoded fluorescent protein. The
mYFP-n1 vector containing the monomerizing A206K mutation was modi-
fied by the addition of a triple Myc epitope tag (3xMyc) 5’ to the fluorescent
protein via overlap extension PCR. Unless otherwise noted, SKAP55 and
associated mutants were created by overlap extension PCR and subcloned
into the mRFP1-n1 or 3xFlag.TRT-n1 vectors at the Xhol and Agel sites. Homo
sapiens SKAP55 was isolated from E6.1 Jurkat T cell cDNA by PCR with
primers SCB267 and SCB269. SKAP55 deletion and truncation mutants
were generated as follows: ADM, by removing residues Q2-G60 with prim-
ers SCB405 and SCB269; and APH, by removing residues V108-1212 with
primers NS729, NS730, SCB267, and SCB269. The monovalent SH3
domain was amplified with primers MO805 and SCB269. The DM motif
was amplified with SCB267 and MOB802. Homo sapiens SKAP-Hom was
amplified from a commercial cDNA (Thermo Fisher Scientific) using MO808
and MOB811. Point mutations were generated by QuikChange PCR muta-
genesis using the indicated primers: W333R with NS727/NS728; 3YF in a
stepwise fashion using NS732/NS733 (Y219F), NS734/NS735 (Y232F),
and NS736/NS737 (Y271F). The SKAP55 TD was created in two steps:
first, a monovalent SKAP55 SH3 domain was cloned into mRFP1-n1 using
MOB805/SCB269; second, a fragment containing the linker-3YF-SH3 was
obtained using MO812/SCB269 and a SKAP55.3YF template; the latter
product was cut with BspEl and Agel and subcloned into SKAP55.SH3.
mRFP1 at an Agel site between the SH3 domain and mRFP1. The top-
performing hairpin, which targets the linker region between the PH and
SH3 domains, was identified from a panel of pLKO. 1-based shRNA expres-
sion vecfors targeting SKAP55 (Thermo Fisher Scientific; target sequence,
5. CCAGATGAAGAGCATGATCTA-3'). SKAP55 chimeras were rendered
immune to the SKAP55 shRNA by PCR overlap extension mutagenesis with
primers MO834, MO835, SCB267, and SCB269, which introduced silent
point mutations in the SKAP55 linker region between the PH and SH3 do-
mains. For transient knockdown experiments, the cassette driving the expres-
sion of this hairpin was PCR amplified using RB608/RB610, cut with Spel
and Nhel, and subcloned into a Spel site that had been introduced upstream
the cytomegalovirus promoter of an mRFP1-n1 expression vector. For gen-
eration of stable cell lines, we first generated a pLEX-MCS based lentiviral
expression vector encoding 3xFlag.TRTn1, but lacking the IRES-puromycin
resistance cassette. The indicated SKAP55 chimeras were cloned into this
vector using Nhel and Agel. Please refer to Table S2 for sequences of prim-
ers used in PCR mutagenesis and cloning.

Antibodies and Western blotting

Cell lysates were prepared by lysing Jurkat cells in lysis buffer containing
20 mM Tris-HCI, pH 7.4, 100 mM NaCl, 10 mM NaF, 1% Triton X-100,
1 mM Na3VO,, and the Complete Protease Inhibitor Cocktail (Roche).
Western blotting was conducted with antibodies directed against ADAP
(BD), B1 integrin (EP1041Y; Abcam), CD69-PE/Cy7 (No. 310912; Biole-
gend), Phospho Erk1/2 (No. 4370; Cell Signaling Technology), total Erk
1/2 (No. 4695; Cell Signaling Technology), Flag (M2; Sigma-Aldrich),
RFP (ACT-CM-MRRFP10; Allele), GFP (JL-8; Takara Bio Inc.), vy-tubulin
(Sigma-Aldrich), Mst1 (Epitomics), Rapl (Sigma-Aldrich), RIAM (Epitomics),
SKAP55 (gift from B. Schraven [University of Magdeburg, Magdeburg,
Germany] and S. Kliche [Otto von Guerike University, Magdeburg, Ger-
many]; targets SKAP55 DM), SKAP55 (targets SKAP55 PH-SH3 linker; BD),
and talin (8D4; Sigma-Aldrich). Anti-SKAP55 (BD) and anti-alin (Sigma-
Aldrich) were used in immunofluorescence studies. Immunoprecipitations
were performed by prebinding anti-YFP (ab290; Abcam) or anti-Flag (M2;
Sigma-Aldrich) to beads coated with protein A or protein G (Thermo Fisher
Scientific) for 1 h at room temperature. Antibody-bound beads were
washed in lysis buffer and immunoprecipitations were performed for

14-18 h at 4°C.

Sample preparation for microscopy

Jurkat T cells were stimulated on glass-bottomed 96-well plates that were
pretreated with 0.01% poly--lysine, coated with 10 pg/ml OKT3, and
blocked with 1% BSA to limit the deposition of serum components during
imaging. Each cell was imaged, beginning within 2 min of injecting the
responding cells into the well, and only one field was imaged per well.
Live cells were imaged at 37°C in RPMI 1640 (supplemented with 10%
FBS and 1% L-glutamine) buffered with 25 mM Hepes, pH 7.4. Each cell
used in analysis was imaged for no fewer than 5 min. For immunofluores-
cence assays, cells were stimulated in 37°C in RPMI 1640 (supplemented
with 10% FBS and 1% L-glutamine) buffered with 25 mM Hepes, pH 7.4,
and subsequently fixed and stained as described previously (Bunnell et al.,
2003). In brief, cells were fixed in 1x DPBS (cellgro; Corning) with 1%
PFA (Sigma-Aldrich) and washed three times in PFN buffer (1x DPBS with
8% calf serum, 0.1% saponin, and 0.02% sodium azide). Cells were then
blocked in PFN/blocking buffer (PFN supplemented with 2% goat serum),
washed, and stained with relevant primary antibodies for 1 h at room
temperature in PFN/blocking buffer. After washing, cells were incubated
with Alexa Fluor 568- or 647—conjugated secondary antibodies (Invitro-
gen), as noted in Table S1. Each wash step involved three exchanges of

PFN buffer.

Image acquisition

Imaging runs were performed on a spinning-disc confocal microscope as
described previously (Bunnell et al., 2006; Nguyen et al., 2008; Sylvain
et al., 2011). In brief, images were acquired using a modified livecell
imaging system (UltraVIEW; PerkinElmer) consisting of a 5-line laser launch
(442/488/514/568/647 nm; Prairie Technologies), a spinning-disc confocal
head (CSU-10; Yokogawa Corporation of America), an Axiovert 200M
stand (Carl Zeiss), a 40x Plan-Neofluar oil immersion objective lens (NA 1.3;
Carl Zeiss), and either a charge-coupled device (CCD) camera (Orca-l-ER;
Hamamatsu Photonics), or an intensified CCD (ICCD) camera (XR MEGA-10;
Stanford Photonics). The latter camera was coupled via a 2.5x expanding
lens to provide resolution comparable to the Orca-l-ER. Temperature was
maintained at 37°C using an air blower (Nevtek) and a lens heater. Image
acquisition was controlled using proprietary PerkinElmer software or the
open source Micro-Manager software package (Edelstein et al., 2010).
For Fig. 4 F and Fig. 9 (A-C), images were acquired using a confocal mi-
croscope (ATR; Nikon) with a 60x oil immersion objective lens (NA 1.4).
Samples were maintained at 37°C using a stage heater. NIS-Elements AR
software (Nikon) was used to capture images in real time. Please refer to
microscopy spreadsheet (Table S1) for further details.

Post-acquisition image processing and presentation

Image analysis was performed using iVision (Biovision Technologies) or
Image) (National Institutes of Health). In all cases, representative images
are shown. Where merged images are shown, the pseudocoloring scheme

or indirectly with the actin cytoskeleton to promote T cell adhesion and/or microcluster movement. (B) The SKAP55 DM motif couples SLP-76 microclusters
to RIAM and talin, enabling the conformational regulation of integrins via their § chains. (C) Models depicting the maturation or termination of the integrin-
activating complex in B. Domains are abbreviated as follows: 4HB, four helix bundle; CC, coiled-coil region; FERM, FAK, ezrin, radixin, and moesin do-
main; PRR, proline-rich region; RA, Ras-association domain; hSH3, helically extended Src-homology 3 domain; TBH, talin-binding helix.
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is always indicated by the colors of the corresponding text labels. SLP-76
microcluster dynamics were quantitated by generating two kymographs
per cell. The trajectories of SLP-76 microclusters arising within the first
2 min of the imaging run were manually traced to calculate microcluster
displacement (inward movement), persistence, and maximum speed. These
parameters were used to derive means for each cell, for each experiment,
and for each condition. In addition, average traces were generated for
each cell. These traces were compiled to yield composite kymographs dis-
playing microcluster position and survival as a function of time. The micro-
cluster halflife indicated on these composite kymographs is the point at
which one half of the SLP-76 microcluster traces have dissipated. The incor-
poration of SLP-76 into microclusters was quantitated separately: the cell
boundary was identified and the mean background outside the cell was
subtracted, then the mean background inside the cell was determined, clus-
ters were defined as structures with brightness 4x greater than the cellular
background, and clustered SLP-76 was calculated as the total background-
subtracted intensity within the clustered area divided by the total back-
ground-subtracted intensity within the cell. The means and statistical tests
shown in all figures and tables (except for Fig. 9, D and E) were calculated
by compiling the means of independent experiments, each of which incor-
porated multiple cells. The total number of cells examined across all experi-
ments are shown for Tables 1 and 2, all composite kymographs, and for
Fig. 8 E. All data are shown as means + SEM unless otherwise indicated.
For analyses of microcluster position within the contact and for microcluster
adjacency analyses, microcluster masks were developed using a segmen-
tation algorithm sensitive to local infensity maxima. Regions of adjacency
were identified by dilating the SLP-76 and talin masks by ~300 nm and
defining the intersections of dilated and undilated masks as regions of ad-
jacency. Cell boundary masks were developed using an algorithm that acts
on the sum of all channels. Distinct subdomains of the contact were defined
by iteratively eroding the cell boundary mask until fixed fractions of the
contact area remain (“edge,” outermost 25% of the contact area; “center,”
innermost 25%; “middle,” the intervening 50%). The fractions of each do-
main occupied by microclusters or regions of adjacency were determined,
and relative enrichments were calculated by normalizing to the fraction of
the entire contact occupied by the corresponding mask.

iVision scripts

To analyze microcluster persistence, movement, stoichiometry, and max
speeds, kymographs in the x and y dimensions were generated and scaled
using the “Make Kymo2” or “Make Kymo 3 —SPI+OPT” scripts, depend-
ing on the settings used during image acquisition (see Table S1). Clusters
that formed within the first 2 min during image acquisition were manually
traced and compiled using the “Manual Kymo tracer” script, and the stoi-
chiometry of clustering was determined using the “Find clustered Brightness 2"
script. Max speeds were calculated using the “Max Speeds” script. Indi-
vidual traces from kymographs in the x and y directions were compiled to
yield a composite trace for each cell using the “Average trace compiler”
script. Composite traces for all cells per condition were also compiled using
the “Average trace compiler” script. The resulting composite microcluster
traces were assembled into figures using the “RGB line Output NS” script
and then running the “Scale bars pm” script. Scale bars were added fo all
other images using the “Add scale bars” script. To assess the relative adja-
cencies of SLP-76, talin, and B1 infegrin, the images were first analyzed
using the “Three color autosegment” script followed by the “Autosegment
subroutine” script. To assess boundary fluctuation over time, the “Boundary
fluctuation v1 MJO” script was used. Numerical outputs were then copied
into Excel (Microsoft).

Statistical analyses

All data are presented as means + SEM unless otherwise noted. The num-
ber of experiments is indicated in all cases unless otherwise noted. Please
note that for all quantified imaging experiments the numbers of experiments
and cells are presented in Tables 1 and 2. Statistical significances were
calculated in Excel using a two-tailed Student’s t test for unpaired samples
with similar variances.

Plate bound adhesion assays

Jurkat cells were labeled with 4 pM 2'7"-bis(2-carboxyethyl), 5(-6) car-
boxyfluorescein (BCECF-AM; Molecular Probes) in 1x PBS (no calcium or
magnesium) for 15 min at 37°C. Labeled cells were plated at a density
of 2.5 x 10° cells per well in 96-well glass-bottom plates. After the cells
settled for the indicated times, BCECF fluorescence was read on a Spec-
traMax plate reader (488 ex/530 em, 515 nm cutoff). Nonadherent
cells were removed by gentle pipetting in prewarmed 1x HBSS, and
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BCECF retention was determined. For adhesion to fibronectin, plates
were freated with 0.01% poly--lysine, left uncoated or coated with 10 pg/ml
fibronectin (Gibco), and blocked with 1% BSA for 1 h at 37°C. Before
plating, labeled cells in 1x HBSS were left unstimulated, stimulated for
30 min with 2 pg/ml OKT3 (anti-CD3e, BioExpress), or stimulated for
30 min with 50 ng/ml PMA. After 30 min on plates, fractional retention
was determined and normalized to the PMA control. For adhesion via the
TCR, unstimulated cells were plated in wells treated with 0.01% poly--lysine,
left uncoated or coated with 10 pg/ml OKT3, and blocked with 1%
BSA. Fractional retention was determined after a 7-min incubation in
complete media (Nguyen et al., 2008; Chapman et al., 2012). Standard
deviations, standard errors, and statistical significances were calcu-
lated with Excel, using a two-tailed Student’s t test for unpaired samples
with similar variances.

Bioinformatics and structural modeling

The secondary structures of the SKAP55 and SKAP-Hom DM motifs were
predicted using the prediction server at www.predictprotein.org (Rost and
Sander, 1993, 1994; Rost, 1996). The sequences of the DM motifs of
SKAP55 and SKAP-Hom across vertebrate species were aligned using the
constraintbased multiple protein alignment tool COBALT (Papadopoulos
and Agarwala, 2007). The structure of the SKAP55 DM-PH module (span-
ning M1-5213) was predicted using the I-Tasser threading server, with the
existing SKAP-Hom DM-PH structure as a constraint (20TX, chain A;
Swanson et al., 2008; Zhang, 2008; Roy et al., 2010, 2012). Of five
models obtained, four preserved the overall topology of the SKAP-Hom
DM-PH module, and possessed C-scores ranging from —1.10 to —2.36.
The fifth model is unlikely to be valid, as it perturbed highly conserved
elements within the PH domain; reflecting this, the C-score for this model
was very low (—4.54). All molecular views were generated using Swiss-

PdbViewer (http://spdbv.vital-it.ch/; Guex and Peitsch, 1997).

Online supplemental material

Video 1 depicts the recruitment of SKAP55.3xFlag.TRT (red) into SLP-76
microclusters upon TCR ligation. SLP-76 microcluster dynamics and
boundary fluctuation in SKAP55 knockdown J14.SY (Fig. S1) in addi-
tion to methodology with regards to how unstable contacts were manu-
ally scored. Video 2 depicts the J14.SY cell expressing SKAP55.shRNA.
mRFP1 depicted in Fig. S1. Videos 3 and 4 depict boundary fluctuation
analysis of J14.SY cells expressing either the SKAP55 shRNA (Video 2)
or control mRFP1 plasmid (Video 3). Areas of boundary fluctuation (growth
and retraction) are shown in red and blue, respectively. Video 5 depicts
a J14.SY stably deficient in endogenous SKAP55 (termed JSKAP.SY),
expressing control mRFP1, while Video é depicts a JSKAP.SY cells
transiently reconstituted with exogenous SKAP55.mRFP1. Furthermore,
we show expression levels of all SKAP55 chimeras used in imaging and
functional assays (Fig. S2) demonstrating comparable expression among
all exogenous constructs. Video 7 depicts a J14.SY cell overexpressing
the SKAP55.W333R.mRFP1 chimera. Our modeling data indicates that
SKAP55, like SKAP-Hom, dimerizes via an N-terminal a-helical bundle
(Fig. S3). Video 8 depicts a J14.SY cell overexpressing the SKAP55.
DM.mRFP1 chimera while Video 9 shows a JSKAP.SY cell reconstituted
with SKAP55.ADM.mRFP1. In comparison, Video 10 depicts a JSKAP.
SY cell expressing the SKAP55.TD.mRFP1 chimera. Lline scans depict
endogenous tfalin and SLP-76.YFP position relative to one another in a
diametrical slice of J14.SY or JSKAP.SY cells reconstituted with WT or TD
chimeras (Fig. S4). Our model of how SKAP55 stabilizes SLP-76 micro-
clusters upon TCR ligation is shown in Fig. S5. Table S1 indicates all con-
ditions used in acquisition of images. Table S2 indicates the sequences
of primers used in PCR mutagenesis and cloning. iVision scripts used in
image analysis and quantitation, and instructions for their use are avail-
able for download as a ZIP file. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.201305088/DC1.
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