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ABSTRACT

The adapter protein Lamellipodin (Lpd) plays an impor-
tant role in cell migration. In particular, Lpd mediates
lamellipodia formation by regulating actin dynamics via
interacting with Ena/VASP proteins. Its RA-PH tandem
domain configuration suggests that like its paralog RIAM,
Lpd may also mediate particular Ras GTPase signaling.
We determined the crystal structures of the Lpd RA-PH
domains alone and with an N-terminal coiled-coil region
(cc-RA-PH). These structures reveal that apart from the
anticipated coiled-coil interaction, Lpd may also oligomer-
ize through a second intermolecular contact site. We then
validated both oligomerization interfaces in solution by
mutagenesis. A fluorescence-polarization study demon-
strated that Lpd binds phosphoinositol with low affinity.
Based on our crystallographic and biochemical data, we
propose that Lpd and RIAM serve diverse functions: Lpd
plays a predominant role in regulating actin polymeriza-
tion, and its function in mediating Ras GTPase signaling
is largely suppressed compared to RIAM.

KEYWORDS Lamellipodin, crystal structure, RIAM, coiled-
coil, oligomerization

INTRODUCTION

Cell migration and adhesion are actin-dependent processes
essential for cell differentiation, tissue formation, organism de-
velopment, and morphogenesis. Enhancement of cell migra-
tion and reduction of cell adhesion are the key characteristics
of malignant cell metastasis. Cell migration is governed by
actin polymerization or exocytosis-induced cell extension at
the leading edge. Cell adhesion is driven by the binding of a
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group of actin skeleton-associating proteins, called cell adhe-
sion molecules, to the extracellular matrix. Lamellipodin (Lpd),
an MRL (Mig10/RIAM/Lpd) family protein, has been shown to
promote lamellipodia protrusion in fibroblast by interacting with
Ena/VASP proteins (Krause et al., 2004). Its homologous pro-
tein RIAM (Rap1 Interacting Adapter Molecule) is also capable
of regulating cell migration and has been shown to mediate
Rap1-induced cell adhesion (Lafuente et al., 2004; Lee et al.,
2009). Thus, these adapter proteins appear to be the linkage
between upstream Ras signaling and actin dynamics. Apart
from regulating actin dynamics, Lpd also exhibits other unique
enzymatic functions including its catalytic activity of Butyrylcho-
linesterase, a potent therapeutic treatment targeting cocaine
abuse (Li et al., 2008).

Lpd and other MRL proteins share a common structural
architecture, including a central structural unit consisting of a
Ras-associating (RA) domain and a pleckstrin homology (PH)
domain, an upstream coiled-coil region, and a number of poly-
proline motifs (Fig. 1A) (Colo et al., 2012). Furthermore, the
two mammalian orthologs, Lpd and RIAM, both contain a heli-
cal region at the amino terminus for talin binding (Lee et al.,
2009). RA and PH form a tandem domain pair (RA-PH), and
serve tightly coordinated functions in both Ras GTPase signal-
ing via the RA domain and membrane translocalization via the
PH domain (Depetris et al., 2009; Wynne et al., in press). In
the case of RIAM, structural and mechanistic studies revealed
that the RA and PH domains function as a proximity detector
for Rap1 GTPase at the plasma membrane, leading to inside-
out integrin activation (Wynne et al., in press). The proline-rich
region recruits actin-binding proteins such as Ena/VASP and
profilin (Krause et al., 2004; Lafuente et al., 2004). Ena/VASP
proteins tetramerize through a coiled-coil region, thus facilitat-
ing actin binding and bundling (Krause et al., 2003). In mouse
melanoma cells, knockdown of Lpd impairs lamellipodia forma-
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Figure 1. Structure of Lpd cc-RA-PH revealed a coiled-coil contact interface. (A) Schematic representation of Lpd and RIAM. RA,
Ras-association domain; PH, pleckstrin homology domain; PP, poly-proline region; CC, coiled-coil region; TB, talin-binding region. Two
Lpd constructs are shown with their boundaries. (B) Ribbon diagram representation of Lpd cc-RA-PH non-crystallographic dimer. Two
molecules interacting through an anti-parallel coiled-coil are colored in green and cyan. (C) Surface and stick representations of the hy-
drophobic interface at the coiled-coil contact site mediated by alanine and isoleucine residues.

tion, which is not seen in Ena/VASP knockout cells, suggesting
Lpd is essential for regulating the actin cytoskeleton (Krause et
al., 2004). Although the role of the coiled-coil region (cc) in Lpd
has yet to be determined, the apparent oligomerization func-
tion indicates it may function in clustering Ena/VASP proteins,
thereby enhancing actin polymerization and inducing lamellipo-
dia and filopodia formation.

Here we present the crystal structures of the Lpd RA-PH
tandem domain pair and an Lpd construct cc-RA-PH that con-
tains the coiled-coil region and the RA-PH domain pair. The
crystal structure of Lpd cc-RA-PH revealed a conventional
intermolecular interaction mediated by the coiled-coil region.
Surprisingly, there is a second, unique intermolecular contact
site found in both Lpd cc-RA-PH and RA-PH structures. In vitro
mutation analyses confirmed that both contact sites contribute
to Lpd oligomerization, and the second site requires the integ-
rity of the coiled-coil region. Oligomerization was not observed
in a RIAM construct equivalent to Lpd cc-RA-PH, suggesting a
lack of (or a significantly reduced) function in Ena/\VASP clus-
tering of RIAM. We also measured the phosphoinositide affinity
to the Lpd PH domain. The weak binding affinity for phospho-
inositides (compared to RIAM) indicates a functional deficiency
of Lpd in Rap1 signaling and integrin-induced cell adhesion.
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Overall, our data provide structural and biochemical basis that
leads to the hypothesis that Lpd and RIAM serve diverse func-
tions in facilitating Ena/VAP clustering and integrin activation,
respectively, despite their similar structural architecture.

RESULTS
Crystal structures of Lpd cc-RA-PH and RA-PH

Lpd contains a talin-binding site near the amino terminus (Lee
et al., 2009), a putative coiled-coiled region upstream of the
central RA and PH domains, and a number of poly-proline
regions that are responsible for interacting with actin-binding
proteins, such as Ena/VASP and profilin (Krause et al., 2004).
To establish the structural basis of Lpd in actin dynamics and
Ras signaling, we engineered two Lpd constructs to encode
residues 266-520 (RA-PH) of the Lpd RA-PH domain pair and
residues 240-520 (cc-RA-PH) comprising the coiled-coil region
and the RA-PH domains. The crystal structures of Lpd cc-RA-
PH and Lpd RA-PH were both solved to 2.4 A, with cc-RA-PH
in C2 space group and RA-PH in P2, space group. Both struc-
tures were determined by molecular replacement using RIAM
RA-PH domains (PDB 3TCA) as the searching model (Wynne
et al., in press). The asymmetric unit of Lpd cc-RA-PH contains
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Table 1. Data collection and refinement statistics for Lpd RA-PH and Lpd cc-RA-PH

Lpd RA-PH Lpd cc-RA-PH

Data collection
Space group P2, C2

a, b, c(A) 75.3,93.5, 80.7 117.6, 97.0, 76.8

a, By 90.0, 104.9, 90.0 90.0, 127.0, 90.0
Resolution (A) 50.0-2.4 50.0-2.4
Completeness (%) 98.6 (99.2) 95.7 (79.9)
Rsym (%) 0.064 (0.261) 0.071 (0.380)
o (1) 23 (5.4) 17.6 (2.4)
Unique reflections 41656 25743
Redundancy 2.9(2.9) 3.7 (3.4)
Refinement
Ruyork (%) 253 23.8
Riee (%) 30.3 28.1
RMSD bonds (A) 0.010 0.007
RMSD angle (°) 1.409 1.148
Protein atoms 8204 4357
Solvent atoms 249 103
Total residues 1020 562
Average B-factors (A?)

Main chain atoms 181 22.8

Side chain atoms 18.7 228

Solvent 27.8 35.0
Ramachandran

Favored regions (%) 96.2 98.1

Allowed regions (%) 100.0 100.0

Reym = Zllops = lavgl/Zlavgs Ruork = Zl|Fobs — Fealcll/ZFops: Riee Was calculated using 5% of data and the same sums. Parentheses denoted

highest resolution bin.

two molecules, while RA-PH contains four molecules. A super-
position of cc-RA-PH and RA-PH shows a virtually identical
overall architecture with an rmsd of 0.78 A over 243 C, atoms.
Both RA and PH domains share the conventional folds of their
families. As seen in Grb10 and RIAM, RA and PH domains
unite to form an integrated structural module (Depetris et al.,
2009; Wynne et al., 2012). Particularly, the coiled-coil regions
of the two cc-RA-PH molecules in the asymmetric unit, related
by a pseudo two-fold symmetry, form an anti-parallel coiled-coil
interaction (Fig. 1B). Data collection and refinement statistics
are listed in Table 1.

Lpd oligomerizes through a coiled-coil interaction

Structural analysis of cc-RA-PH revealed a coiled-coil interac-
tion between the two molecules at the N-terminus (Fig. 1B).
The two helices are positioned as an anti-parallel pair with sev-
eral hydrophobic residues including 11e256, Ala259, 1le263 and
Ala266 positioned alternatively at each helical turn, defining a
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hydrophobic contact interface. These residues align in a zigzag
fashion and form Ala:lle interacting pairs (Fig. 1C). In addition,
the side-chain of isoleucines also interacts with the pairing
isoleucines of the other molecule to further fortify this coiled-
coil hydrophobic contact. In the crystal structure of a RIAM
construct (hereafter referred to as RIAMs to avoid possible
confusion with Lpd RA-PH) equivalent to Lpd cc-RA-PH, the
putative coiled-coil region is completely disordered, possibly
due to an unfavorable replacement of the 11€263 (in Lpd) by a
leucine residue in RIAM towards the carboxyl end of the helix
(Wynne et al., in press). Interestingly, this Lpd dimer is in close
contact with another symmetry-related dimer through coiled-
coil stacking. The two helical pairs formed a cross pattern with a
67° rotation (Fig. S1). The two helices of molecules A and B are
8.4 A apart (measured from the helical axis), and this helical
pair is 11.7 A from the symmetry-related helical pair of mol-
ecules A” and B” (Fig. S1). The two helical pairs make contact
through three hydrophobic interactions and a hydrogen bond:
11e256(A) to Leu260(B”), Leu260(B) to lle256(A”), 11e263(B) to
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11e263(B”), and GIn267(B) to GIn267(B”), respectively.

Structural comparison reveals a second intermolecular
contact site

In addition to the coiled-coil region, in both cc-RA-PH and RA-
PH structures, a common intermolecular contact site was
observed, strongly indicating a physiological relevance. This
interface is located between the N-terminus of the RA domain
B1 strand in molecule A and the RA-PH linker in molecule B’,
which is symmetrically related to molecule B (Fig. 2A). Mol-
ecules A and B’ make contact through a hydrophobic interac-
tion formed by Val272 of molecule A and Leu368,Ala374, and
Met376 of molecule B’. This interaction is further reinforced by
backbone hydrogen bonds, in which the backbone amide of
Val272 and carboxyl group of Lys270 of molecule A interact
with the carboxyl group and backbone amide of Glu375 of
molecule B’, respectively (Fig. 2B). The local conformation of
this contact site is quite stable as shown by the well-defined
electronic density map (Fig. S2A). Further solution analysis
showed that this interface is not due to crystal packing, nor the
coiled-coil interface. Residues involved in this contact site are
not conserved in RIAM or in other MRL proteins, suggesting
a unique oligomerization configuration of Lpd (Fig. S3). This
RA:linker interface and the coiled-coil interface implicate a mo-
lecular configuration for Lpd oligomerization that is essential
for actin-binding protein clustering and subsequent actin rear-
rangement.

The RA domain of Lpd adopts a typical ubiquitin-like struc-
tural fold, similar to the RA domain or RBD domain of other
Ras binding proteins (Fig. S2B). As shown in the crystal struc-
ture of other GTPase:RA/RBD domain complexes such as c-
Raf (PDB 1GUA), RalGDS (PDB 1LFD), PI3Ky (PDB 1HES),
and PLCe (PDB 2C5L), the primary interaction site is between
the B2 strand of RA/RBD domain and the switch | region of
active Ras GTPase through (8 sheet packing and salt bridg-
ing (Fig. 2C, S2B) (Nassar et al., 1996; Huang et al., 1998;
Pacold et al., 2000; Bunney et al., 2006). However, when we
superimposed the Lpd cc-RA-PH non-crystallographic dimer
(molecule A and B’) formed via the RA:linker interface with the
structure of PLCe:Ras complex, the putative Ras binding site
on molecule A is partially occupied by molecule B’ in the dimer
(Fig. 2C), suggesting that oligomerization of Lpd through the
RA:linker interface may interfere with its binding to Ras family
GTPase.

Validation of Lpd intermolecular contacts in solution by
mutagenesis study

Dimerization or higher-order oligomerization of protein mol-
ecules often plays an important role in enhancing their bio-
logical functions through an increased binding avidity (Stein
et al., 2003; Shiroishi et al., 2006; Depetris et al., 2009; Arai
et al., 2012; McElroy et al., 2012). To validate the biological
relevancy of the two contact sites observed from the crystal
structures, mutagenesis and gel filtration chromatography
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were conducted to monitor oligomerization states in solution.
First, we compared Lpd cc-RA-PH with Lpd RA-PH, RIAMs,
and BSA (Fig. 3A). The elution profile of Lpd cc-RA-PH (MW
33 kDa) shows a sharp monomer peak at 13.2 mL and a broad
peak that overlaps with both the BSA monomer (67 kDa) and
dimer (134 kDa) peaks (Fig. 3A, embedded panel). This result
suggests Lpd not only can dimerize, but can also form higher-
order oligomers in solution. The equivalent RIAMs protein does
not form dimer under the same loading concentration. Interest-
ingly, the RA-PH domains of Grb10 also form dimer under a
much higher loading concentration (>20 mg/mL) (Depetris et
al., 2009). Evidently, the K for Lpd dimerization in solution is
much lower than that of Grb10, due to the combined effort of
both the coiled-coil interaction and the RA:linker interaction.
In the absence of the coiled-coil region, dimerization is signifi-
cantly suppressed as seen in the Lpd RA-PH elution profile
(Fig. 3A). It appears that without the coiled-coil interaction, the
RA:linker interaction relatively weak and undetectable under a
moderate concentration.

We then mutated Ala259 in the coiled-coil interface and
measured oligomerization in solution. The A259S mutation
significantly reduced the oligomerization of Lpd, and a more
aggressive mutation A259Y completely diminished it (Fig. 3B).
Similarly, two RA:linker interface-disrupting mutations V272Y
and A374Y also abrogated the oligomerization of Lpd, despite
the coiled-coil region remaining intact, suggesting that this in-
teraction may also help stabilize the N-terminal helical region
for the coiled-coil interaction. The diminished oligomerization
of Lpd was verified by SDS-PAGE (Fig. 3B, embedded panel).
Overall, the loss of oligomerization in these single mutations
suggests that the two interfaces are not independent, but func-
tion coordinately by mutually stabilizing anda favorable local
conformation for the interactions.

Phosphoinositide binding to Lpd

The PH domain often serves a common membrane translo-
calization function by binding to membrane phosphoinositide.
In RA-PH containing proteins, PH anchoring to the membrane
also facilitates the interaction with the membrane-locating Ras
GTPase, thereby enhancing the relevant signaling events (De-
petris et al., 2009; Wynne et al., in press). We measured the
phosphoinositide-binding affinities of Lpd cc-RA-PH using vari-
ous fluorescently labeled phosphoinositides in a florescence-
polarization assay (Ceccarelli et al., 2007). Only PI(3,4,5)P3,
PI(4,5)P,, PI(3,4)P,, and PI(5)P bind Lpd with low affinity
(Ky4= 29 pymollL) (Fig. 4C).

In a canonical binding mode to phosphoinositide, the PH
domain interacts with the headgroup through the $1-82 loop,
which harbors a consensus sequence of K-Xn-(K/R)-X-R. Se-
quence and structure alignment of Lpd and a canonically bind-
ing PH domain of Grp1 reveal that Lys410, Lys414 and Arg416
of Lpd reassemble this motif, and adopt similar configurations
as Grp1 (Fig. 4A and 4B). The Grb10 PH domain binds to
headgroups in a noncanonical mode through interactions with
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Figure 2. A second intermolecular contact site was identified via an RA:linker interaction. (A) Superposition of RA-PH and cc-RA-
PH structures revealed a common intermolecular interface via an RA:linker contact site. The two cc-RA-PH molecules (A and B’) forming
a non-crystallographic dimer are in orange and red, and the two RA-PH molecules are in yellow and pink. (B) Stick model of the second-
ary contact site between molecules A and B’ of Lpd cc-RA-PH illustrates the hydrophobic interactions between Val272 of molecule A with
residues Leu368, Ala374, and Met376 of molecule B’, and backbone H-bond interactions. Hydrogen bonds are denoted by dotted line
with their distances in angstrom. We used the same color scheme for the two molecules as in Fig. 2A. (C) Superposition of a cc-RA-PH
dimer via the RA:linker interface and a PLCe:Ras complex (PDB 2C5L) reveals a steric conflict between Lpd molecule B’ and Ras. Green:

cc-RA-PH; cyan: PLCe RA2; red: Ras.

the 35-B6 loop, likely due to the absence of the crucial Arg416
residue in the B1-82 loop (Leu252 in Grb10). Furthermore, mu-
tations of Lys331 or Arg333 in the RIAM 31-B32 loop (Lys414 or
Arg416 in Lpd) diminished the plasma membrane translocation
of RIAM (Wynne et al., in press). It is possible that Lpd’s (and
RIAM’s) lower affinity to headgroups is attributed to the pres-
ence of two negatively charged residues (Asp407 and Asp408)
in the B1-B2 loop. To test this, we mutated the two aspartate
residues to glycines based on the Grp1 sequence in an at-
tempt to increase the canonical binding. Indeed, we observed
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a moderate 1.7-fold increase in PI(3,4,5)P3 binding (Fig. 4D).
In the case of Grb10, a non-canonical binder, mutations of the
corresponding residues (Glu243 and Leu244, Fig. 4A) did not
show any change in headgroup binding (Depetris et al., 2009).

DISCUSSION

The crystal structure of Lpd cc-RA-PH presents a molecu-
lar model of how Lpd may enhance actin polymerization by
oligomerization via two intermolecular contact sites. Further-
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Figure 3. Oligomerization analysis of Lpd in solution by gel filtration chromatography. (A) Comparison of elution profiles of Lpd
RA-PH, Lpd cc-RA-PH, RIAMs (Lpd cc-RA-PH equivalent), and BSA. Embedded panel shows the oligomer peak of Lpd cc-RA-PH in
comparison with BSA trace. The two arrows mark the elution volumes for Lpd dimer (BSA monomer) and Lpd tetramer (BSA dimer).
(B) Compilation of elution profile of Lpd cc-RA-PH wild-type and point mutations at the two intermolecular contact sites. All mutations
exhibit the loss (or reduction) of the oligomer peak. Protein component of the fractions from Lpd cc-RA-PH and V272Y is shown in the

embedded SDS-PAGE.

more, it is possible that the coiled-coil stacking interaction may
extend the Lpd oligomerization (Fig. S1). Interestingly, the
homologous RIAM molecule lacks these interactions in both
crystallographic and solution studies. 11€263 in Lpd forms the
hydrophobic interface with lle256 and Ala259 at the coiled-
coil contact site. The coiled-coil contact in RIAM may be sup-
pressed due to the substitution of 11e263 by a leucine residue
at the corresponding position, as leucine’s longer side-chain
branch may extend the hydrophobic contact distance between
the two coiled-coil helices. The RA:linker contact site is also
missing in RIAM, resulting in total absence of oligomerization.
Although RIAM is predicted to have a second coiled-coil re-
gion, a RIAM construct containing both coiled-coil regions with
the RA-PH unit did not show any detectable oligomerization in
solution (data not shown). Both Lpd and RIAM are ligands of
Ena/VASP proteins, and overexpression of either Lpd or RIAM
induces lamellipodia formation. However, only Lpd knockdown
cells show impaired lamellipodia formation, whereas RIAM
knockdown only affects F-actin content (Krause et al., 2004).
Our present study supports these results and demonstrates a
molecular mechanism by which Lpd may play an overwhelm-
ingly essential role in lamellipodia formation and actin polym-
erization.

Both MRL and Grb7/10/14 family proteins contain a signa-
ture RA-PH tandem domain configuration. This RA-PH config-
uration is required to maintain the integrity of both domains and
also to coordinate their distinct functions of Ras signaling and
membrane translocalization. Binding affinity of the RA domain
in the integrated RA-PH unit to Ras GTPase is weaker com-
pared to that of other independent Ras binding domains (Nas-
sar et al., 1996; Huang et al., 1998; Rodriguez-Viciana et al.,
2004). The low affinity to the membrane-anchoring Ras GT-
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Pase can be compensated by the membrane translocalization
via the PH domain (Holt and Daly, 2005; Depetris et al., 2009;
Wynne et al., in press). Grb10 interacts with Ras and regulates
insulin signaling, whereas RIAM can be recruited by Rap1 and
mediates integrin activation. Both insulin receptor and integrin
are transmembrane proteins. Thus, membrane localization ca-
pability is crucial for these adapter-signaling molecules (namely,
Grb10 and RIAM) that mediate these pathways. Compared to
other independent PH domains, binding of RA-PH to phospho-
inositide is moderate. In the case of Lpd, the phosphoinositide
binding is further weakened. Despite high sequence identity,
the K of Lpd for phosphoinositide binding is much higher than
that of Grb10 (6-fold) and RIAM (2-fold), close to the estimated
membrane phosphoinositide concentration (Winks et al.,
2005). It is possible that the glutamate residue in RIAM cor-
responding to Asp407 in Lpd may be more flexible and adopts
a conformation that avoids direct conflict with the phosphate
group of the bound phosphoinositide (Fig. 4A). In addition, the
KRR sequence of RIAM in 2 may be more accessible than
the KKR sequence in Lpd for a negatively charged phospho-
inositide. The lack of phosphoinositide binding of Lpd may also
affect its Ras signaling. Although the GTPase binding site of
Lpd and RIAM is virtually identical, neither Rap1 nor other Ras
GTPases has been identified as the signaling partner of Lpd,
possibly due to the insufficient compensation from PH-domain-
mediated membrane translocalization. In fact, Lpd retains the
capability of binding to talin, the cytoskeletal protein that di-
rectly activates integrins (Calderwood et al., 1999; Wegener et
al., 2007). But its degenerated Rap1 binding affinity and mem-
brane translocalization may have diminished its role in integrin-
mediated cell adhesion.

Mammalian cells express both Lpd and RIAM proteins. Do
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Figure 4. Phosphoinositide binding to Lpd. (A) Sequence alignment of the RA (RBD) 31-32 loop of Lpd, RIAM, Grp1, and Grb10. PIP-
interacting residues are highlighted in green. Mutations made to improve headgroup binding in Lpd (Asp407 and Asp408) are highlighted
in red. Leu252 of Grb10, highlighted in grey, prevents the canonical binding mode of phosphoinositide. (B) Superposition of Grp1:4IP
complex (yellow) and the PH domain of Lpd (green). Residues predicted to interact with headgroup are labeled in blue. Asp407 and
Asp408 are labeled in red. (C) Fluorescence-polarization measurements of phosphoinositide binding to wild-type Lpd. Fits are based on
a saturable, single-site binding model. Ky values extracted from the fits are given in parentheses to the right of the headgroup labels. (D)

Same as (C) but for Lpd D407G/D408G mutant.

these two homologous proteins serve redundant functions?
Or have their functions diverged during evolution? We demon-
strate here that Lpd is capable of forming high-order oligomers
and its affinity to phosphoinositide is much weaker than that
of RIAM. Along with previous structural and biochemical data
and in-cell characterization, our current data lead to a work-
ing model that Lpd and RIAM serve diverse functions: Lpd
predominately functions in enhancing actin polymerization and
regulating cell migration, whereas the primary function of RIAM
is to mediate Rap1-induced cell adhesion.

MATERIALS AND METHODS
Plasmid construction and protein purification

The Lpd constructs were cloned into pET28a expression vector with
a His6 and a TEV protease cleavage site. The two constructs, RA-PH
and cc-RA-PH, consist of amino acid residues from 266 to 520 and
240 to 520, respectively. Lpd point mutants were constructed using
site-directed mutagenesis method. Plasmids were transformed into
Escherichia coli BL21(DE3) for protein expression. Cells were grown in
37°C LB medium containing 50 pg/mL kanamycin until A600 reached
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0.6-0.7, and induced by addition of 0.1 mmol/L IPTG at 16°C. Protein
purifications were carried out at 4°C. The cell pellet was resuspended
in 20 mmol/L Tris, pH 7.5 and 500 mmol/L NaCl then lysed with a
homogenizer EmulsiFlex-C3 (AVESTIN, Inc.). Protein sample was ex-
tracted from the supernatant using a HisTrap FF column (GE Health-
care). Histidine tag was removed by incubating with TEV protease.
Lpd constructs, wild-type and mutants, were subsequently purified
by ion exchange chromatography using a Resource S column (GE
Healthcare).

Solution characterization by gel filtration chromatography

Purified proteins of interest were concentrated to 2—-3 mg/mL except
Lpd cc-RA-PH (1.8 mg/mL) and BSA (1 mg/mL), and subject to gel
filtration analysis. The experiment was performed using a Superose 12
10/300 GL column (GE Healthcare) with 20 mmol/L HEPES, pH 7.0
and 500 mmol/L NaCl. Fractions were collected and resolved on the
SDS-PAGE.

X-ray crystallography

Lpd RA-PH and cc-RA-PH were crystallized by hanging-drop vapor dif-
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fusion method at room temperature. Each crystallization drop contained
equal volumes of protein and reservoir solution. RA-PH (7.6 mg/mL)
was crystallized in 200 mmol/L sodium malonate, pH 5.0 and 20% (w/v)
polyethylene glycol 3350. cc-RA-PH (5.5 mg/mL) was crystallized in 50
mmol/L sodium formate, 20% (w/v) polyethylene glycol 3350, and 30%
(wv) ethylene glycol. The crystals were allowed to grow for 1-2 days
prior to diffraction experiments. Dehydration step was performed with
addition of 5% (w/v) polyethylene glycol 3350 to the reservoir solution.
RA-PH crystals were briefly soaked in reservoir solution containing
20% (v/v) ethylene glycol as cryoprotectant, then flash-frozen in a 100-
K stream of gaseous nitrogen.

X-ray diffraction data for Lpd RA-PH and cc-RA-PH crystals were col-
lected at the beamlines X25 and X4C of the National Synchrotron Light
Source at Brookhaven National Laboratory (Upton, NY), respectively.
Data were processed using the HKL-2000 package (Otwinowski and
Minor, 1997). The initial phases of Lpd RA-PH and cc-RA-PH were de-
termined using molecular replacement method with the RA-PH domain
of RIAM (PDB 3TCA) as the initial model. Structural refinement was
performed using REFMAC (Murshudov et al., 1997) and Coot (Ems-
ley and Cowtan, 2004). The models were validated with SFCHECK
(Vaguine et al., 1999) and MolProbity (http://molprobity.biochem.duke.
edu/). Data collection and refinement statistics are listed in Table 1.
Structural figures were generated using PyMOL program suite (http:/
pymol.sourceforge.net).

Phosphoinositide binding measured by fluorescent polarization

Purified Lpd cc-RA-PH or its mutant D407G/D408G was mixed with
12.5 nmol/L of BODIPY TMR-labeled phosphoinositides (Echelon
Biosciences Incorporated) in a buffer containing 20 mmol/L HEPES
pH 7.5, 150 mmol/L NaCl and 0.05% (v/v) Tween-20 at concentrations
ranging from 0.8 pmol/L to 100 ymol/L. After 5 min of incubation, the
reaction mixes were measured for fluorescence polarization at room
temperature on a TECAN Infinite F500 plate reader (Tecan Group
Ltd.). A 535/25 nm filter was used as an excitation filter, and a pair of
590/20 nm filters were used as emission polarization filters. Data were
processed and fitted to a single-site (saturating) binding model using
SigmaPlot (Systat Software).

ACCESSION CODES

Protein Data Bank: Atomic coordinates and structure factors for Lpd
RA-PH and Lpd cc-RA-PH have been deposited with the accession
codes 4GN1 and 4GMV.
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