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Summary

PH domains, by binding to phosphoinositides, often serve as membrane-targeting modules. Using
crystallographic, biochemical and cell biological approaches, we have uncovered a mechanism that
the integrin-signaling adaptor Skap-hom uses to mediate cytoskeletal interactions. Skap-hom is a
homodimer containing an N-terminal four-helix-bundle dimerization domain, against which its two
PH domains pack in a conformation incompatible with phosphoinositide binding. The isolated PH
domains bind PI[3,4,5]P3, and mutations targeting the dimerization domain or the PH domain’s Pl
[3,4,5]P3-binding pocket prevent Skap-hom localization to ruffles. Targeting is retained when the
PH domain is deleted or by combined mutation of the P1[3,4,5]P3-binding pocket and the PH/
dimerization domain interface. Thus, the dimerization and PH domain form a novel PI[3,4,5]P3-
responsive molecular switch that controls Skap-hom function.
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Introduction

Cells use a variety of modular domains and motifs to target signaling molecules appropriately.
One common module, the Pleckstrin homology (PH) domain, is found in molecules as diverse
as kinases, guanine nucleotide-exchange factors (GEFs), and adaptors. Some PH domains,
including the PH domains of Btk, Akt and Grpl, exhibit high affinity binding to
phosphoinositides. Consequently, the conventional view is that PH domains direct signaling
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components to sites of phosphoinositide production on various cellular membranes. But a
comprehensive survey has shown that most PH/phosphoinositide interactions are relatively
weak, implying that PH domains may have additional functions (Lemmon, 2004). Some PH
domains do bind specific proteins (Lemmon, 2004), and recently, the SOS1 PH domain was
reported to bind phosphatadic acid (Zhao et al., 2007). Yet the biochemical and physiological
functions of the majority of PH domains remain unknown.

Adaptors function downstream of receptors, including those for growth factors, cytokines,
antigens and cell adhesion molecules, and primarily consist of domains that mediate protein/
protein and/or protein/membrane interactions (Simeoni et al., 2004). Some adaptors help
reorganize the cytoskeleton and/or promote integrin-mediated adhesion upon immunoreceptor
activation. In T lymphocytes, these include Adap (adhesion and degranulation promoting
adaptor protein, previously known as Fyn-binding protein, Fyb) (da Silva et al., 1997; Griffiths
et al., 2001; Peterson et al., 2001) and its binding partner Skap55 (Src-kinase-associated
phosphoprotein of 55 kDa) (Wang et al., 2003). Adap55~/~ T cells fail to activate the integrin
Lfa-1 in response to T cell receptor (TCR) stimulation, and have severe functional defects
(Griffiths etal., 2001; Peterson et al., 2001). Skap55~/~ T cells have a similar phenotype (Wang
et al., 2007), suggesting that Skap55 and Adap act together to promote integrin activation.
Exactly how this occurs remains unclear. Adap binds Vasp and Wasp, suggesting a role in
Arp2/3 recruitment and de novo actin polymerization (Coppolino et al., 2001; Krause et al.,
2000). Skap55 has a previously uncharacterized N-terminal region, a central PH domain, a C-
terminal SH3 domain that binds Adap, and intervening linkers with tyrosine phosphorylation
sites. Given these features, Skap55 might function to target Adap in response to TCR activation,
in which case the Skap55~~ phenotype would reflect effective Adap deficiency. Alternatively,
because Adap stabilizes Skap55 (Huang et al., 2005), the Adap '~ phenotype could be due to
effective Skap55 deficiency. On the other hand, recent data indicate that the Skap55/Adap
complex binds Riam1 (Kliche et al., 2006; Menasche et al., 2007), a Rap1 effector that recruits
and stimulates the integrin-activating protein Talin (Wegener et al., 2007). Skap55 and Adap
alone lack this function, suggesting that a novel Riam1-binding surface is generated or exposed
in the Skap55/Adap complex.

Adap is expressed broadly in lympho-hematopoietic cells (da Silva et al., 1997), but Skap55
is expressed solely in T lymphocytes (Marie-Cardine et al., 1997). The concerted actions of
Skap55 and Adap suggest that another protein(s) substitutes for Skap55 in, for example,
myeloid cells. Skap-hom (Skap55 homolog), has the same architecture as Skap55 (Figure 1A),
and is expressed widely in lympho-hematopoietic cells (Curtis et al., 2000; Kouroku et al.,
1998; Marie-Cardine et al., 1998). Skap-hom also associates via its SH3 domain with Adap,
and is implicated in integrin signaling. For example, Skap-hom interacts with actin (Bourette
etal., 2005) and, with Adap, undergoes tyrosine phosphorylation in response to plating of bone
marrow-derived macrophages (BMM) on fibronectin (Timms et al., 1999). Skap-hom and
Adap are substrates for the virulence factor YopH, a tyrosine phosphatase encoded by
enteropathogenic Yersinia species and dephosphorylation of Skap-hom appears to interfere
with adhesion-dependent events in phagocytosis (Black et al., 2000; Fallman et al., 2002).
Finally, Skap-hom™~ B cells show defective adhesion in response to B cell receptor stimulation
(Togni et al., 2005).

Although Skap proteins couple receptors to cytoskeletal rearrangements, their biochemical
properties and mechanism of action remain poorly understood. For example, whether Skap PH
domains bind phosphoinositides, and if so which ones, has not been determined. The sequence
of the N-terminus of Skap-hom suggests a coiled-coil oligomerization element (Marie-Cardine
et al., 1998), but it is unclear whether Skap55 and Skap-hom multimerize in vivo.
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To provide a foundation for dissecting the function and regulation of SKAP proteins, we
undertook a structural and biochemical analysis of Skap-hom. Our results reveal an unusual
four-helix-bundle dimerization domain in the Skap-hom N-terminus, and show that the
dimerization and PH domains comprise a P1[3,4,5]P3-sensitive conformational switch that
regulates its sub-cellular targeting.

The Skap-hom DM-PH region forms a dimer

Besides their well-defined PH and SH3 domains, Skap proteins have a region of homology in
their N-termini suggesting an as yet undefined structural domain (Figures 1A, B).
Bioinformatic analysis had suggested that in Skap-hom (but not Skap55), this region adopts a
coiled-coil conformation (Marie-Cardine et al., 1998). To test this prediction, we prepared
murine Skap-hom fragments containing the N-terminal and PH domains (residues 14-222;
termed DM-PH as noted below) or the isolated PH domain (residues 101-222). Size-exclusion
chromatography and dynamic light scattering showed that the isolated PH domain was
monomeric, but the DM-PH fragment formed a dimer (Supplementary Figure 1,
Supplementary Table 1).

Overall structure—We crystallized and solved the structure of the DM-PH fragment at a
resolution of 2.6 A (Table 1) with a crystallographic R factor of 17.9% (Rfree=21.6%). The
protein crystallized in space group C2 with two molecules per asymmetric unit and, consistent
with its behavior in solution, formed a dimer (Figure 1C). Dimer formation is mediated by
helical segments in the N-terminal region, with two helices from each polypeptide chain
packing together via extensive hydrophobic interactions to form a 4-helix bundle, hereafter
termed the dimerization (DM) domain. The two PH domains flank the 4-helix bundle and show
the characteristic PH domain fold, consisting of a p-sandwich capped on one end by a C-
terminal a-helix (Figure 1C; see also Figures 3A, B). The PH domain B-sandwich is formed
by a 4-stranded B-sheet on one side (strands p1-p4) packed against a nearly orthogonal 3-
stranded B-sheet (strands B5—7).

In most PH domains, the loops connecting strands p1-2, B3—f4, and B6—p7 extend from the
open end of the B-sandwich to create the phosphoinositide-binding pocket. In the DM-PH
structure, the PH domains contact the DM domain via a small, but significant interface that
primarily involves the B1—-2 loop of each PH domain and a hydrophobic cleft on either side
of the DM domain (Figures 1C, 2A). The B1-p2 loop adopts a helical conformation (forming
the novel a3 helix) and inserts a hydrophobic residue (Phe132) into a cleft on the DM domain.
Four salt bridges, Glu15/Arg195, Asp23/Lys128, Arg18/Asp129 and Asp30/Lys179,
contribute to the DM/PH domain interface (Figure 2A, Supplementary Figure 2). Asp129 plays
a particularly important structural role by forming an additional salt bridge to Arg127 within
the B1—B2 loop that may stabilize its helical conformation (Supplementary Figure 2). The f1-
B2 loop is immediately adjacent to the predicted phosphoinositide binding site in the PH
domain, and the helical conformation that this loop adopts appears to partially block the
phosphoinositide-binding pocket (see below). The linker region between the DM and PH
domains (residues 65-109) is disordered. Although the length of the linker precludes
unambiguous assignment of connectivity, the shortest path would connect the domains to form
the surface contacts described above. The dimer is non-crystallographic, but it is approximately
2-fold symmetric and the two subunits superimpose with an r.m.s. deviation of 0.9 A

The Skap-hom dimerization domain

Helices a1 and a2 of the DM domain form a helical hairpin that, together with its counterpart
from the second molecule, generates a dimeric, 4-helix bundle (Figures 1C, 2B). The hairpins
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from each subunit pack in a parallel manner with 2-fold symmetry about the vertical axis.
Within each subunit, a1 and o2 are anti-parallel and cross at an angle of ~30°. Most of the
hydrophobic residues in the DM domain project between the helices or into the center of the
bundle to form a single hydrophobic core. Six salt-bridges stabilize the domain (Figure 2B,
C); four intramolecular (Glu25/Lys56 and Arg18/Glu62 in each subunit) and two
intermolecular (between Asp23 in one subunitand Lys51 in the other). The Skap-hom residues
involved in the dimer interface are highly conserved in Skap55 (Figure 1B), suggesting that
the latter forms an analogous dimer. Indeed, Skap55 behaves as a dimer in solution
(Supplementary Figure 1, Supplementary Table 1).

Although the DM domain has no obvious structural counterpart in eukaryotes, a search of the
Protein Data Bank using the Dali structural similarity server revealed remote similarity between
the DM domain, the Influenza A virus nuclear export protein Nep/Ns2 (Akarsu et al., 2003)
and the Yersinia secretion protein YscE (Phan et al., 2005). The domain within Nep/Ns2 (PDB
ID 1pd3, Dali Z score=6.1) also forms a helical hairpin that dimerizes in a parallel fashion, and
its structure superimposes on the DM domain with an r.m.s. deviation of 2.6 A (Figure 2D).
In contrast, the YscE hairpin (PDB ID 1zwO0, Dali Z score = 4.9) is an anti-parallel dimer (data
not shown). Because the Skap-hom DM domain has no sequence similarity with these other
proteins, these structural similarities in domain structure probably arose independently during
evolution.

Structural analysis of the Skap-hom PH domain

The helical conformation of the 132 loop in the DM-PH structure is not found in other PH
domains and seems incompatible with phosphoinositide binding. We asked whether this
conformation might be induced by interaction with the DM domain and represent an inhibited
state by determining the crystal structure of the isolated PH domain of Skap-hom to a resolution
of 2.1 A (Table 1) with a crystallographic R factor of 21.3% (Ree=27.1%). Consistent with
our hypothesis, the p1-p2 loop adopts an open loop conformation in the isolated Skap-hom
PH domain (Figures 3A, B). Apart from the dramatic rearrangement of the 31—f32 loop, the
structure of the isolated PH domain is essentially the same as that in the DM-PH structure.

Although Skap-hom PH domain binds to 3’ phosphoinositides (see below), we were unable to
obtain co-crystals with phosphoinositide head groups. To gain further insight into the likely
mode of interaction with phosphoinositides, we compared the Skap-hom PH domain structure
to that of the Akt PH domain bound to Ins[1,3,4,5]P4 (the soluble headgroup of P1[3,4,5]P3).
We chose the latter for comparison because, like the Skap-hom PH domain (see below), it
recognizes PI[3,4,5]P3 and P1[3,4]P, (Frech et al., 1997). Akt and Skap-hom also lack the
insertions found in the Btk (Baraldi et al., 1999) and Grpl (Lietzke et al., 2000) PH domains
that confer high affinity and specificity for P1[3,4,5]P3 over P1[3,4]P,. As shown in Figure 3C,
residues Lys125 and Arg140 of Skap-hom superimpose well with Akt residues Lys14 and
Arg25, which are key 3'-phosphate binding residues. Like Arg23 in Akt, GIn138 in Skap-hom
can hydrogen bond with the 3'-phosphate. The Skap-hom domain also has residues well-
positioned to bind the 4’ and 5'-phosphates of the superimposed inositol headgroup, with
Tyrl51 and Tyr197 approaching the 4’-phosphate position, and the guanidinium group of
Arg195 potentially interacting simultaneously with the 4'- and 5’-phosphates (as does Arg86
in Akt, Figure 3C).

This putative phosphoinositide binding pocket is perturbed in the DM-PH structure. The
solvent accessible surface of the DM-PH structure, colored coded by electrostatic potential, is
shown in Figure 3D (top panel), with the position of the Ins[1,3,4,5]P4 headgroup modeled on
the basis of the Akt superposition in Figure 3C. Formation of the a-helix in the f1-p2 loop
partially occludes the phosphoinositol binding pocket, and thus would be expected to preclude
binding of phosphoinositides (Figure 3D, lower panels).
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The DM domain mediates self-association of Skap-hom in vivo

To ask if it can form higher order structures in vivo, we co-expressed Flag and HA epitope-
tagged versions of Skap-hom in 293T cells. As expected, Flag-Skap-hom co-
immunoprecipitated with HA-Skap-hom (Figure 4A). Skap proteins potentially can self-
associate via interaction of their C-terminal SH3 domain with a proline-rich segment between
the PH and SH3 domains (Wuetal., 2002b). To ascertain whether Skap-hom homodimerization
was, in fact mediated by the DM domain, we tested a truncation mutant lacking the SH3 and
linker 2 regions (DM-PH), corresponding to the fragment used in our structural analysis. Wild-
type DM-PH co-immunoprecipitated with HA-tagged full-length Skap-hom (Figure 4B),
showing that the SH3 domain is dispensable for dimerization in vivo. On the other hand, a
Skap-hom DM-PH construct bearing three point mutations in the dimerization interface
(V24D, F27D and V28E, termed DM*-PH) failed to dimerize with the WT protein (Figure
4B). A full-length Skap-hom mutant bearing the same mutations also failed to dimerize
(Supplementary Figure 3A). Because the DM domain appears to require dimerization for
proper folding, we expect that the DM* mutant is locally unfolded or misfolded. The DM*
mutant is not, however, globally disrupted, because the full length DM* mutant is still binds
Adap (presumably via its C-terminal SH3 domain, Supplementary Figure 3B). Thus, consistent
with our crystal structure, the N-terminal dimerization domain is required for self-association
of Skap-hom in vivo.

The Skap-hom PH Domain Binds PI[3,4]P» and PI[3,4,5]P3

We next evaluated the lipid binding properties of the Skap-hom PH domain. Using
phospholipids immobilized in a “dot-blot” format, we found that the Skap-hom PH domain
binds to PI[3,4]P, or PI[3,4,5]P3, the products of phosphatidylinositol 3-kinase (P13K), but not
to PI[3]P, PI[5]P or PI[4,5]P, (Figure 5A, left panel). Consistent with the contortion of the PH
domain noted in the crystal structure (Figure 3D), binding of the DM-PH fragment to PI[3,4]
P, and PI[3,4,5]P3 was weaker (Figure 5A, right panel). To quantify binding more precisely,
we employed a florescence polarization-based assay (Figures 5B, C) that uses soluble, short-
chain phospholipids bearing a fluorescent label and permits measurement of equilibrium
binding in solution (Ceccarelli et al., 2007). The PH domain of Skap-hom bound with highest
affinity to PI[3,4,5]P3 (K4 =8 uM), but also showed significant PI[3,4]P, binding (Ky=40 uM;
Figure 5B and data not shown). Binding of Skap-hom to P1(4,5)P, and PI(3,5)P, was too weak
to quantify using this assay (data not shown). Consistent with the dot-blot assays, the presence
of the DM domain reduced the affinity of Skap-hom for P1[3,4,5]P3 to ~30 uM and for PI[3,4]
P, to 90 uM (Figure 5C and data not shown). Like the Akt PH domain mutated at the
corresponding residue R25 (Thomas et al., 2003), Skap-hom bearing an R140M mutation in
the putative phosphoinositide binding pocket is defective in P1[3,4,5]P3 binding (Kd >100
uM; Figure 5B).

To further probe the potential relevance of the interface in the regulation of PI[3,4,5]P3 binding,
we generated mutations predicted to perturb docking between the PH and DM domains (E15R,
F132A, K56A, D129A, and D129K; Figure 5C and data not shown). The K56A mutant had
lipid-binding affinity similar to WT (Kd = 30 uM), but the D129K mutant showed much higher
affinity (6 pM), comparable to that of the isolated PH domain. The more conservative D129A
mutant had an intermediate affinity (20 pM).

Skap-hom is controlled by a DM/PH domain switch

To better understand the significance of dimerization and the DM/PH interface in Skap-hom
function, we carried out structure-function studies in Skap-hom™~ bone marrow-derived
macrophages (BMM; Figure 6, Supplementary Figure 6 and Supplementary Movies). In WT
BMM, Skap-hom localizes to actin-rich membrane ruffles. In Skap-hom™~ BMM, ruffling is
initiated, but ruffle formation is impaired (Supplemental Movies and KDS and BGN,
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manuscript in preparation). Retrovirus-mediated expression of WT Skap-hom-GFP restored
ruffling, and the GFP-tagged protein concentrated in actin-rich membrane ruffles (Figures 6A,
H and O). Immunostaining with Skap-hom-specific antibodies revealed similar localization of
the Skap-hom-GFP and endogenous Skap-hom (Supplementary Figure 4). In contrast, GFP
alone was distributed diffusely, with only a minor fraction randomly co-localized with
cytoskeletal structures (Figures 6B, I, and P). A dimerization domain mutant (DM*, the triple-
mutant described above) and the PH domain mutant unable to bind phosphoinositides (R140M)
showed defective association with ruffles (Figure 6, panels C, J, Q and D, K, R, respectively).
Thus, proper sub-cellular localization of Skap-hom requires a functional DM domain and the
ability to bind 3’-phosphinositides. Cells expressing these mutant Skap-hom proteins also had
less robust ruffles, consistent with a role for Skap-hom in ruffle generation (Figure 6, panels J
and K vs. panel H).

In a simple model, the PH domain would function to target Skap-hom to regions of the
membrane expressing 3’ phosphoinositides. However, in contrast to the R140M mutant, a PH
domain deletion mutant (APH Skap-hom; see Figure 1A) retained association with actin-rich
ruffles, exhibiting a pattern indistinguishable from that of WT Skap-hom (Figures 6E, L and
S). These findings pose an apparent paradox: why does a mutant lacking the entire PH domain
retain targeting, whereas the R140M point mutant does not? Conceivably, the PH domain plays
no role in Skap-hom localization, in which case our results could be explained by neomorphic
effects of the R140M mutation (e.g., local misfolding leading to aggregation or mislocalization
of Skap-hom R140M). But treatment of BMM expressing WT Skap-hom-GFP with the PI3K
inhibitor Ly294002 also resulted in dissociation of Skap-hom from the actin cytoskeleton,
indicating that PH domain binding to 3’ phosphoinositides is, in fact, required for normal
targeting of the WT protein (Supplementary Figure 5). These results, and our structural and
lipid binding data, which indicate mutually exclusive binding of the PH domain to the DM
domain and 3' phosphoinositides, respectively, suggested an alternative model in which the
(unliganded) PH domain inhibits Skap-hom ruffle association, and auto-inhibition is reversed
by 3’ phosphoinositides. In this model, the deletion mutant would be constitutively active,
whereas the R140M point mutant would be locked in the auto-inhibited state.

To test this model, we examined the localization of GFP-Skap-hom fusion proteins bearing
the mutations D129K, D129A, K56A, E15R, or F132A, which are expected to perturb the
interface between the DM and PH domains. None of these mutations interfered with
recruitment to ruffles (Supplementary movies and data not shown), indicating that DM/PH
domain interaction is not required for ruffle association. We also tested double mutants that
combine the D129K and K56A mutations in the interface with the R140M mutation in the
phosphoinositide binding pocket (D129K:R140M and K56A:R140M). These mutations should
simultaneously block phosphoinositide binding and perturb the interaction between the DM
and PH domains. Strikingly, the double mutants localized to ruffles to an extent similar to that
of WT Skap-hom (Figure 6, compare panels F, M, T and G, N, U with WT panels A, H, O;
see also Supplementary Movies). Thus, disruption of the DM/PH domain interface dominates
over defective phosphoinositide binding in promoting Skap-hom localization to ruffles, and
supports a model in which phosphoinositide binding to the PH domain controls its ability to
interact with the DM domain (Supplementary Figure 7). These data also argue against
neomorphic effects of the R140M mutation, because this mutation does not cause
mislocalization when the D129K or K56A mutations are superimposed.

As a further test of the effects of these mutants on localization of Skap-hom, we performed
fluorescent time-lapse photomicroscopy of Skap-hom™~ BMM reconstituted with WT Skap-
hom or the above mutants (see Supplementary Figure 6 and Supplementary Movies). Whereas
WT Skap-hom-GFP localized in sharply defined, dynamic wave-like structures that co-localize
with co-expressed mCherry-tagged actin (Supplementary Movie J), the R140M and DM
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mutants were more diffusely distributed and lacked discrete ruffle association, similar to the
GFP control (Supplementary Movies D and A). Most importantly, Skap-hom™~ BMM
expressing the APH domain, D129K, D129K:R140M, K56A or K56A:R140M mutants all
exhibited similar, wave-like accumulations of the GFP-tagged protein essentially
indistinguishable from those seen in cells reconstituted with WT Skap-hom (see Supplementary
Movies E through 1).

Discussion

PH domains frequently target adaptors and other signaling components to specific membranous
regions in cells (Lemmon, 2003). Here, we have found that the Skap-hom PH domain regulates
intracellular targeting in a different way: in concert with the DM domain, it acts as 3’
phosphoinositide-gated switch to control exposure of a distinct targeting domain and,
consequently, association of Skap-hom with actin-based ruffles in macrophages. Our proposed
model is supported by structural, biochemical and biological evidence and has implications for
the function of Skap-hom.

Skap-hom dimerizes via the N-terminal DM domain

Using structure prediction algorithms, previous workers concluded that Skap-hom, but not
Skap55, contained a coiled-coil domain that might mediate dimerization (Marie-Cardine et al.,
1998). Other studies suggested that Skap55 self-associates via its SH3 domain and proline-rich
stretch (Wu et al., 2002). Our biochemical and structural studies show that Skap-hom contains
a dimerization domain in its N-terminus, but rather than adopting a simple coiled-coiled
structure as predicted, the DM domain comprises a four-helix bundle formed by the intimate
association of “helical hairpin” elements from each of the two monomers. The corresponding
region in Skap55 most likely forms a similar dimer, as nearly all of the residues in the dimer
interface are conserved in Skap55 (Figure 1B). Indeed, Skap55 also forms dimers in vitro
(Supplementary Figure 1). We have not explicitly tested whether Skap proteins self-associate
via their SH3 domains (Wu et al., 2002). However, Skap-hom clearly dimerizes in the absence
of its SH3 domain, and the DM domain is necessary for dimerization (Figure 4 and
Supplementary Figure 3A). Most likely, the same is also true for Skap55.

The Skap-hom DM and PH domains comprise a phosphoinositide-gated switch

The isolated Skap-hom PH domain binds preferentially to P1[3,4,5]P3 (Figure 5). When the
DM domain is present, though, the B1-p2 loop of the PH domain forms a short helix that packs
into a hydrophobic groove on the DM domain. The DM/PH domain interaction probably
precludes binding of 3’ phosphoinositides to the PH domain for at least two reasons. First, the
helix formed by the B1-p2 loop sterically blocks a portion of the predicted phosphoinositide
binding pocket (Figure 3D). Moreover, basic residues that are expected to hydrogen bond with
the phospholipid head group make alternative interactions in the “docked” DM-PH structure
(Figure 2A).

Consistent with our structural data, the affinity of the DM-PH construct for 3’ phosphoinositides
is decreased relative to that of the free PH domain (Figure 5C), whereas mutations predicted
to disrupt the interface promote higher affinity binding. In particular, the D129K charge
reversal mutation confers affinity equivalent to that of the isolated PH domain. It is not clear
why the K56A mutation does not show increased affinity; conceivably, it does not sufficiently
shift the equilibrium to the undocked state under our assay conditions.

The potential for allosteric inhibitory interactions between its DM and PH domains suggests
that Skap-hom exists in two-states with distinct 3' phosphoinositide-binding abilities: a closed,
inactive, “docked” state, and an open, “free” conformation capable of lipid binding (Figure 7).
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The DM-PH crystal structure represents the docked, auto-inhibited conformation, whereas the
isolated PH domain structure presumably represents the free state. We expect that the residual
phosphoinositide binding observed in vitro with the DM-PH protein stems from an equilibrium
between the docked and free states. We further propose that in the cellular context, transition
between these states is governed by binding of the PH domain to 3’ phosphoinositides, and
thus by PI-3 kinases and phosphatases. The high degree of conservation of the residues
comprising this switch suggests that Skap55 is likely to be regulated similarly.

This “gated-switch” mechanism has important consequences. First, the dimeric structure of
the free conformation provides a large boost in apparent affinity (due to avidity effects) to the
relatively weak monomer binding to PI[3,4,5]P3-rich membranes. Surprisingly, however, the
APH Skap-hom protein still localizes efficiently to ruffles; consequently, 3’ phosphoinositide
binding cannot be the primary determinant of Skap-hom localization. Instead, the second major
implication of our results is that phosphoinositide-induced undocking of the PH domains
unmasks a distinct ruffle-targeting signal. Furthermore, the increase in effective lipid binding
ability expected for the “two-headed” Skap-hom PH domain structure may confer
ultrasensitivity to the targeting process.

The precise nature/location of the ruffle-targeting signal in Skap-hom remains to be delineated.
In the simplest model, it would reside within Skap-hom itself. If so, mutagenesis experiments
indicate that it must lie outside of the PH domain (Figure 6 and data not shown). A particularly
attractive possibility is that it is located on the surface of the DM domain, overlapping with
the docking site of the PH domain. Indeed, disrupting the DM domain (i.e., in the mutant DM¥*)
abolishes proper sub-cellular targeting. However, the DM* mutant also cannot dimerize, so
dimerization, rather than a specific motif within the DM domain, could be required indirectly
for localization (e.g., to create or expose a targeting motif elsewhere in Skap-hom).
Distinguishing between these possibilities will require finer mutagenesis of the DM domain
to see if targeting and dimerization can be separated. Notably, the D129K and K56 A mutations
in the DM domain do target appropriately. Alternatively, we cannot exclude the possibility that
the targeting motif masked by the Skap-hom PH domain residues in a Skap-hom-associated
protein. In this regard, only the Skap55/Adap complex (and not either monomer) can bind
Riam1 (Kliche et al., 2006).

The Skap-hom PH and DM domains engage in a process of mutual allosteric inhibition, a
strategy encountered repeatedly, though in different guises, in signal transduction. For
example, the N-SH2 domain of the protein-tyrosine phosphatase Shp2 interacts with the
catalytic (PTP) domain, rendering the enzyme inactive until phosphotyrosyl peptides that bind
the N-SH2 domain are encountered. There too, the structure of the phosphotyrosyl peptide-
bound SH2 domain is incompatible with SH2/PTP domain interaction (Hof et al., 1998).
Likewise, the RAC binding site and one of the two RAS binding sites in the guanine nucleotide
exchange factor SOSL1 is blocked by a lipid-gated PH/DH module (Soisson et al., 1998;
Sondermann et al., 2004), whereas exposure of the VCA domains of Wasp family proteins can
be regulated by the binding of small G proteins, adaptors such as Nck, or phospholipids
(Takenawa and Miki, 2001).

Biological implications

Skap-hom ™~ macrophages exhibit reduced ruffling, and mutants that fail to target correctly
also fail to restore normal ruffling (Figure 6 and Supplementary Movies). Ruffle formation is
also decreased dramatically in BMM treated with Pl 3-kinase inhibitors (Wheeler et al.,
2006 and Supplementary Figure 5). Consequently, it is difficult to be certain whether “gating”
by PI[3,4,5]P3 controls targeting per se, ruffle generation, or both.
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We suspect that proper targeting is required to promote ruffle generation, which may then lead
to additional recruitment of Skap-hom. Ruffling probably requires 3' phosphoinositides at
multiple stages. Rac-GEFs, such as Vav and aPix, comprise one class of 3’ phosphoinositide-
binding proteins critical for actin polymerization (Han et al., 1998; Yoshii et al., 1999). A
priori, there is no reason to suspect a role for Skap-hom in Rac-GEF activation; consequently,
initiation of ruffling should be unaffected by Skap-hom deficiency. Indeed, small ruffles do
appear in Skap-hom=~ BMM, but ruffling is not sustained (Supplementary Movies). Abortive
ruffling may well be the consequence of the lack of Skap-hom and its partner protein Adap in
the nascent ruffle. Adap associates with Vasp (Krause et al., 2000) and the Arp2/3 activating
protein, Wasp (Coppolino et al., 2001), partners that could enhance and sustain actin
polymerization, and thereby yield robust ruffling. Alternatively, as like Skap55 (Kliche et al.,
2006; Menasche et al., 2007), Skap-hom/Adap complexes may bind Riam1 and promote further
integrin activation and actin reorganization.

Regardless of the precise mechanistic details, our key finding is that the novel structure of the
DM-PH module controls these processes. Furthermore, the switch-like regulation of Skap-hom
by 3’ phosphoinositides conforms perfectly to its role mediating dynamic cytoskeletal
rearrangements.

Experimental Procedures

Cloning, Protein Expression and Purification

Murine Skap-hom cDNA (Swiss-Prot accession number Q9Z2K4) was amplified by RT-PCR
and cloned into the pEGFP N1 (Clonetech). This fusion gene was subcloned into pMXPuro
(Kitamura et al., 2003), creating pMXSskaphom WT. Skap-hom-flag was created by PCR and
cloned into a C-terminal p3Xflag-CMV vector (Sigma-Aldrich). Full-length Skap-hom APH
construct was created by standard mutagenesis to remove nucleotides encoding residues (118—
222). Point mutants were generated by PCR-based overlapping mutagenesis; primer sequences
are available from K.D.S. upon request. The 6X His-tagged DM-PH construct was generated
by PCR and cloned into pCDNAG6XHis (Invitrogen).

To prepare Skap-hom proteins, DNA fragments encoding residues 101-222 (PH domain) or
14-222 (DM-PH) of mouse Skap-hom were cloned into a modified pET vector (Novagen) to
generate GST-fusions. Recombinant proteins were expressed in E. coli BL21(DE3) cells at 18
°C, followed by lysis in PBS-BME (5mM B-mercaptoethanol) containing lysozyme and
Complete® protease inhibitor (Roche, Germany). Lysates were cleared by centrifugation at
18K RPM for 45 minutes at 4 °C, and supernatants were incubated with glutathione beads pre-
equilibrated with PBS-BME. The beads were then washed extensively with PBS-BME before
final equilibration with elution buffer (EB) (25 mM PIPES, 150 mM NaCl,5mM DTT, pH6.5).
GST-fusion proteins were cleaved from the beads by incubating with TEV protease overnight
at 20°C. The resultant Skap-hom proteins contain two vector amino acids, Gly-Ser, at their N-
termini, and were purified by ion-exchange chromatography, using a sodium chloride gradient
from 50 to 1000 mM in EB. Protein fractions were pooled and concentrated for a final
purification on a Superdex 75 column. Final eluates were concentrated, and stored in aliquots
at—70 °C.

Crystallization and structure determination

Crystallization experiments were carried out by hanging-drop vapor diffusion at 20 °C. The
Skap-hom PH domain (7.5 mg/ml in EB) crystallized over a reservoir solution of 20% (w/v)
PEG 4000, 100 mM Tris-HCI pH7.6, and 150 mM NaCl; the Skap-hom DM-PH protein (12
mg/ml in EB) crystallized over a reservoir solution of 24% (w/v) PEG 4000 and 100mM Hepes
pH7.6. Protein crystals were briefly transferred to cryo-protectant solutions before freezing
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with liquid nitrogen. X-ray diffraction data were collected under nitrogen gas at 100 K using
either a Mar image plate system (MAR Research, Hamburg, Germany, for Skap-hom PH) or
the synchrotron source at CHESS A1 (for Skap-hom DM-PH). Reflection intensities were
integrated and scaled by DENZO and SCALEPACK, respectively, (Otwinowski and Minor,
1997) (see Table 1).

The Skap-hom PH and DM-PH structures were determined by molecular replacement using
the program COMO (Jogl et al., 2001). An alternate crystal form of the Skap-hom PH domain
(PDB ID 1U5F) was used as a search model; this alternate structure was determined by heavy-
atom methods (See Supplementary Methods). The model for the DM domain of Skap-hom
DM-PH was built manually using difference Fourier maps calculated with initial phases
derived from the molecular replacement solution for the two PH domains in the asymmetric
unit. The DM-PH and PH domain structures were improved further by iterative manual refitting
with the program O (Jones et al., 1991) and crystallographic refinement with the program CNS
(Brunger et al., 1998); see Table 1. Model quality and accuracy were assessed by PROCHECK
(Laskowski et al., 1993). No density was observed for residues 101-104 and 220-222 in the
Skap-hom PH domain or residues 65-105 in the Skap-hom DM-PH structure.

Lipid Dot Blots and Fluorescence Polarization Assays

For dot blot assays, the indicated phosphoinositides were dissolved in
methanol:chloroform:water and spotted onto Hybond-C Extra membranes (Amersham) at the
indicated concentrations. Lipid-containing membranes were incubated in TBS (10 mM Tris-
HCI pH 7.4, 150 mM NacCl) containing fat-free bovine serum albumin (BSA), 0.5 mM EDTA,
and the indicated proteins. Bound proteins were detected using rabbit polyclonal antibodies
directed against GST (Rockland, Gilbertsville, PA) and IR 800-labeled goat anti-rabbit
secondary antibodies. Secondary antibodies were detected using an Odyssey reader (Li-Cor,
Lincoln, NE). The affinities of binding of PI[3,4]P, and PI[3,4,5]P3 to Skap-hom PH and DM-
PH proteins were determined by fluorescence polarization (FP) using BODIPY TMR-X-
labeled short chain and soluble phosphatidylinositol phosphates (Ceccarelli et al., 2007).
Briefly, increasing amounts of purified protein were added to 12.5 nM fluorescent phospholipid
in EB. After incubation at room temperature for 20 minutes, the FP signal was measured in
triplicate at 21 °C using a Beacon 2000 FP system. Polarization filters were selected to match
the excitation and emission spectra (542 nm and 574 nm, respectively) for the TMR-X
fluorescent label. Binding curves and constants were generated using GraphPad Prism
(GraphPad Software Inc.).

Mice, cell culture and retroviral gene transduction

Skap-hom ™~ mice (Balb/c) were (Togni et al., 2005), were maintained under pathogen-free
conditions and used at 8-12 weeks. All studies were approved by the Institutional Animal Care
Committee of Beth Israel Deaconess Medical Center.

BMM were differentiated ex vivo as described (Tushinski et al., 1982), and analyzed after 7
days in culture. HEK293 T/17 cells (Pear et al., 1993) were maintained in 10% FCS and 10%
CO» at 37°C. Retroviruses were produced by co-transfecting pEcoPAK (Clonetech) and
pMXPuro constructs bearing the inserts indicated in the figure legends into in HEK293T/17
cells, using polyethylenimine (Polysciences Inc) (Godbey et al., 2000). Viruses were harvested
48 hours post-infection and used to infect bone marrow cultures.

Immunoprecipitation and immunoblotting

For whole cell extracts, cells were washed in phosphate buffered saline (PBS), and lysed (on
plates) in Nonidet P-40 (NP-40) lysis buffer (1% NP-40, 50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 100 uM pervanadate, protease inhibitors). Lysates were clarified in a microcentrifuge
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at 4°C for 10 min and protein concentrations were determined using a bicinchoninic acid
protein assay reagent kit (Pierce). Immune precipitations were performed by adding antibodies
plus protein A-Sepharose beads to lysates and incubating at 4°C for 2 hrs. Immune complexes
were washed with lysis buffer, resolved by SDS-PAGE, and transferred onto Immobilon-FL
membranes (Millipore). Immunoblots were blocked with 5% BSA in TBS with 0.05% Tween
20 (TBST) for 1 hr, incubated for 1 hr with primary antibodies in TBST, washed three times
for 10 min each in TBST, and then incubated for 1 hr with IR 680-labeled anti-mouse 1gG
(Invitrogene) or IR 800-labeled anti-rabbit IgG (Rockland, Gilbertsville, PA) which were
detected as described above.

Skap-hom™~ BMM expressing GFP-tagged Skap-hom proteins were fixed in 4% PFA, 25 mM
PIPES pH 6.8, 129 mM KClI, 20 % sucrose, 5mM EDTA and permeabilized in 0.05% Triton
X-100 in PBS, pH 7.4. For immunofluorescence, cells were stained with rhodamine phalloidin
(Invitrogen) and rabbit anti-Skap-hom (Upstate-Millipore) in 1X PBS containing 3% BSA.
Bound antibodies were visualized using Alexa488-conjugated anti-rabbit IgG (Invitrogen) and
observed under oil immersion using a Zeiss Axiovert 200M microscope with a 63X Plan-
Apochromat objective with a numerical aperture of 1.4. Images were analyzed using the
iterative deconvolution program within the Axiovision 4.5 software package.

Accession numbers

Atomic coordinates and structure factors for the two structures reported here have been
deposited with the Protein Data Bank (http://www.rcsb.org/) with accession codes 1U5G
(Skap-hom PH) and 20TX (Skap-hom DM-PH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of Skap-hom. (A) Schematic showing Skap-hom dimerization (DM), PH and SH3
domains, and two intervening linkers (L). Potential tyrosine phosphorylation (Y) sites are
indicated, and point mutations studied herein are indicated below. The domain structure of the
Skap-hom APH mutant is also shown. (B) Structure-based sequence alignment of the Skap-
hom and Skap55 N-termini and selected PH domains. Identical residues are shaded red, highly
conserved residues are in red type. Residue numbering and secondary structure for mouse Skap-
hom are indicated above the alignment. DM and PH domain borders are delineated by brackets.
Dashed lines indicate disordered regions in the crystal structure. Blue triangles below the
alignment mark Skap-hom residues involved in the dimer interface, black ovals indicate
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residues in the interface between the DM and PH domains, and black squares mark PH domain
residues implicated in lipid head group interaction. PDB entries 1U5D (Skap55), 1H10 (Aktl),
1FAO (Dappl), 1IFGY (Grpl), 1BTK (Btk), and 1W1D (Pdk-1) were used to align PH domain
structures. (C) Ribbon diagram of the dimeric DM-PH structure of Skap-hom. The view in the
upper panel is along the approximate 2-fold axis of symmetry of the four-helical bundle (top
view) and the lower panel is a perpendicular view (front view). The two PH domains are shown
in red and yellow, the dimerization domain of one subunit is shown in blue and the other in
green. The side chains of Lys125, Arg140 and Tyr151 are shown in stick form to mark the
location of the phosphoinositide binding pocket (see Figure 3C).
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Figure 2.

Interface between the Skap-hom PH and DM domains. (A) The PH domain is shown in red
and the DM domain in blue and green as in Figure 1C. Salt-bridges are indicated by dashed
lines. Note the helical conformation of the B1-2 loop (residues Arg127 — Phe135) and the
insertion of PH domain residues Phe132 and Leu133 into a hydrophobic pocket on the DM
domain. (B) Stereo representation of the DM domain showing the side chains of all residues,
with salt-bridges highlighted. Representative charged residues are labeled. (C) View of one
subunit of the DM domain showing the hydrophobic and charged residues in the dimerization
interface. (D) Superposition of the Skap-hom DM (green and blue) and the dimerization domain
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of Nuclear Export Protein Nep/Ns2 of Influenza A (magenta) (Akarsu et al., 2003), which
shares a similar overall topology but no clear sequence relationship.
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Skap-hom PH
AKT PH & Ins(1,3,4,5)P4

Figure 3.

Comparison of the isolated Skap-hom PH and DM-PH structures. (A) Ribbon diagram showing
one of the PH domains in the DM-PH structure. (B) Isolated Skap-hom PH domain. Note the
marked difference in conformation of the p1-p2 loop. The helical conformation (a3) seen in
the DM-PH structure is incompatible with phosphoinositide binding (see text). Superposition
of the Skap-hom PH domain (blue) shown in (C) with the Akt PH domain (magenta) complexed
with Ins[1,3,4,5]P,4. Akt residues involved in phosphoinositide binding are labeled in bold italic
type; the corresponding residues in Skap-hom are in regular type. (C) Electrostatic surface
representation of the dimeric DM-PH structure and close-up of one lipid-binding pocket. The
highly basic surfaces (shaded blue) of the phosphoinositide binding pockets are on opposite
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faces of the dimer and are recessed relative to the DM domain. The expected position of the
head group is modeled into one of the PH domains (inset), based on superposition of the Akt
PH domain complexed with Ins[1,3,4,5]P4. Note the obvious steric clash with the head group
due to the helical conformation of the p1-p2 loop.
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Figure 4.
Skap-hom can homodimerize. (A) Full-length Skap-hom constructs, epitope-tagged with either

Flag or HA, were expressed in 293T cells. Total cell lysates (TCL) and anti-HA
immunoprecipitates (IP) probed with anti-HA (upper) or anti-Flag (lower) antibodies are
shown. The diffuse band present in the anti-HA blots is the 12CA5 heavy chain used for
immune precipitation. (B) HA-tagged full-length Skap-hom was expressed with either wild
type (WT) or a dimerization domain mutant (DM*) DM-PH fragment and immunoprecipitated
with anti-HA antibodies. The resulting immunoblot was probed with anti-Skap-hom
antibodies. The upper bands are HA-Skap-hom and the lower bands are the DM-PH,
respectively.
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Figure 5.

KS6A
R140M

Phosphoinositide binding of the Skap-Hom PH and DM-PH fragments.. (A) Dot blot assays

of Skap-hom PH and DM-PH fragments with the indicated phosphoinositides. (B) Florescence
polarization-based binding assays of the isolated Skap-hom PH domain and its R140M mutant
to P1[3,4,5]P3. (C) Florescence polarization-based binding assays of the WT Skap-hom DM-
PH fragment and its mutants (D129K, D129A, K56A, R140M) with PI[3,4,5]P3.
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Figure 6.

Localization of GFP-tagged Skap-hom variants in Skap-hom™~ bone marrow-derived
macrophages (BMM). Skap-hom™~ BMM were reconstituted with (A) GFP-tagged WT Skap-
hom, (B) GFP alone, or (C-G) the indicated GFP-tagged variants of Skap-hom. (H-N) Cells
were fixed and counter-stained with rhodamine-labeled phalloidin to visualize the actin
cytoskeleton. (O-U) Merged GFP and Rhodamine channels for each infection. WT Skap-hom
(A, H and O) co-localizes with actin-rich ruffles. The DM* dimerization domain triple mutant
(panels C, J and Q) and the R140M PH domain mutant (panels D, K and R) are diffusely
localized. Deletion of the PH domain (APH; E, L and S) results in a protein that localizes to
actin ruffles. Skap-hom bearing both the R140M and either the D129K (D129K:R140M panels
F, M, T) or the K56A (K56A:R140M panels G, N and U) mutations co-localize with actin-
ruffles.
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