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The small GTPase Rap1 induces integrin activation via an inside-out signaling pathway mediated by the Rap1-interacting adaptor mol-

ecule (RIAM). Blocking this pathway may suppress tumor metastasis and other diseases that are related to hyperactive integrins.

However, the molecular basis for the specific recognition of RIAM by Rap1 remains largely unknown. Herein we present the crystal struc-

ture of an active, GTP-bound GTPase domain of Rap1 in complex with the Ras association (RA)–pleckstrin homology (PH) structural

module of RIAM at 1.65 Å. The structure reveals that the recognition of RIAM by Rap1 is governed by side-chain interactions.

Several side chains are critical in determining specificity of this recognition, particularly the Lys31 residue in Rap1 that is oppositely

charged compared with the Glu31/Asp31 residue in other Ras GTPases. Lys31 forms a salt bridge with RIAM residue Glu212, making it

the key specificity determinant of the interaction. We also show that disruption of these interactions results in reduction of Rap1:RIAM

association, leading to a loss of co-clustering and cell adhesion. Our findings elucidate the molecular mechanism by which RIAM med-

iates Rap1-induced integrin activation. The crystal structure also offers new insight into the structural basis for the specific recruitment

of RA–PH module-containing effector proteins by their small GTPase partners.

Keywords: RIAM, Rap1, integrin signaling, inside-out signaling, crystal structure, RA–PH

Introduction

The small GTPase Rap1 is among the most closely related pro-

teins to Ras in the Ras oncogene superfamily (Downward, 2003),

and serves functions that are distinct from those of H-, K-, and

N-Ras. Rap1 has been linked to cell proliferation, secretion, and mi-

gration (Altschuler and Ribeiro-Neto, 1998; D’Silva et al., 1998;

Crittenden et al., 2004). Abnormal Rap1 activity often leads to in-

tegrin hyperactivity that is linked to tumor development and metas-

tasis in many cancer types (Felding-Habermann et al., 2001; Hattori

and Minato, 2003; Desgrosellier and Cheresh, 2010; Garmy-Susini

et al., 2010). As adhesion receptors, integrins transduce signals in a

bi-directional manner (Wickstrom and Fassler, 2011). In outside-in

signaling, integrin binds to the extracellular matrix (ECM), forms

highly organized clusters, and initiates downstream signaling cas-

cades in the cytoplasm. Alternatively, integrin signaling can also be

triggered by active Rap1 GTPase via an inside-out pathway, which

requires the recruitment of a Rap1 effector protein known as

Rap1-interacting adaptor molecule (RIAM) and talin to the plasma

membrane (PM) (Ginsberg et al., 1992; Faull and Ginsberg, 1996;

Lafuente et al., 2004; Lee et al., 2009).

RIAM functions downstream to Rap1 in inside-out integrin sig-

naling. Upon Rap1 activation, RIAM translocates to the PM by inter-

acting with Rap1 via a Ras association (RA) domain and by binding

to phosphoinositide di-phosphate PI(4,5)P2 via a pleckstrin hom-

ology (PH) domain (Wynne et al., 2012). RIAM subsequently recruits

talin via an N-terminal talin-binding (TB) sequence, leading to integ-

rin activation (Wegener et al., 2007; Lee et al., 2009). The RA and PH

domains of RIAM form an integrated RA–PH structural module that is

only present in the Grb7/10/14 family and Mig10/RIAM/Lpd (MRL)

family. In the latter, RIAM and Lamellipodin (Lpd) are the two mam-

malian orthologs (Holt and Daly, 2005). In addition to the RA–PH and

TB regions, RIAM also contains two putative coiled-coil motifs (CC)

and at least six proline-rich motifs (PP) that interact with cytoskeletal

proteins Ena/VASP (Figure 1A) (Lafuente et al., 2004). Besides RIAM,

Rap1 has another effector protein RAPL (Katagiri et al., 2003).

However, RAPL binds to Ras more strongly than Rap1 in a splice

variant form known as NORE1A, and exhibits tumor suppressive

properties (Stieglitz et al., 2008). In contrast, RIAM binds to Rap1

specifically and shows little effect in signaling pathways of other

Ras superfamily GTPases (Lafuente et al., 2004; Rodriguez-Viciana

et al., 2004). Therefore, a high-resolution structure is needed to elu-

cidate the molecular basis for this highly selective recognition of

Rap1 and RIAM.

We have determined the crystal structure of RIAM RA–PH in

complex with the GTPase domain of Rap1 at 1.65 Å, and character-

ized the biochemical properties of the interaction. The structure of

the Rap1:RIAM complex reveals that RIAM RA–PH interacts with

Rap1 via a canonical binding mode, and the high specificity of

this interaction is defined by their unique sequence characteristics.

We also demonstrated that the determinant residues are essential
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for Rap1:RIAM association and integrin-mediated cell adhesion. This

result affords detailed structural insight into how RIAM functions as a

specific Rap1 effector in the inside-out integrin activation via a

Rap1–RIAM–talin–integrin pathway. Our structure also provides a

molecular model for the highly selective recognition of a small

GTPase and an RA–PH structural module-containing protein.

Figure 1 Structural overview of the Rap1:RIAM complex and the intermolecular interface. (A) Schematic representation of the domain organization

of RIAM and Rap1. RIAM (top): TB (talin-binding region) is in orange; CC (coiled-coil region) is in red; PP (poly-proline region) is in black; RA (Ras

association) and PH (pleckstrin homology) domains are in yellow. Rap1 (bottom): GTPase domain is in cyan and the CAAX box (CB) is in pink.

Double-headed arrows indicate the boundary of the constructs in the crystal structure. Constitutively active Rap1 mutations used in crystallization

are denoted by asterisks. (B) Ribbon diagram and surface representation of Rap1:RIAM asymmetric units with copy 1 colored in cyan (Rap1) and

yellow (RIAM), and copy 2 colored in blue (Rap1) and orange (RIAM); GTP and magnesium are illustrated in green stick and magenta sphere, re-

spectively (same color scheme in C–F). Secondary structure elements at the Rap1:RIAM binding interface are labeled in orange and pink. (C) Stereo

view of the Rap1:RIAM intermolecular interfaces in the two copies. H-bonds are denoted by dotted lines and hydrophobic interactions are repre-

sented by the gray surface. Side-chain interactions missing in copy 2 are shown in light gray color. Residues selected for mutagenesis analysis are

underlined. (D) 2Fo-Fc electronic density map of the residues that mediate the Rap1:RIAM interaction at 1.0s contour level is shown in blue mesh.

Residues lacking electronic density at 1.0 s were built with a lower map contour. (E) Superposition of the two Rap1:RIAM complexes in the asym-

metric unit. A 158 rotational shift of the RIAM molecule (right) leads to the disruption of several side-chain interactions in copy 2 (left panel).

Interactions disrupted in copy 2 are indicated by gray-colored, translucent side chains. (F) Crystal contact of Rap1 molecules. Bottom panel:

Rap1 of copy 1 in the original asymmetric unit (ribbon diagram with surface) makes contact with Rap1 of copy 2 from the neighboring unit

(ribbon diagram). Top panel: residues that make crystal contacts are shown in stick.
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Results

Crystal structure of RIAM RA–PH in complex with the Rap1 GTPase

domain

We produced RIAM RA–PH of varying lengths as well as the con-

stitutively active Rap1 GTPase domain (residues 1–167) bearing

G12V or G12V/Q63E mutations for expression in Escherichia coli.

GTP-loaded, active Rap1 was then mixed with RIAM RA–PH pro-

teins at equal molar ratio for co-crystallization. Only the mixture

of the RA–PH construct encoding residues 179–437 and

Rap1-(G12V/Q63E) yielded crystals suitable for structure deter-

mination (Figure 1A). The 1.65-Å crystal structure, determined by

molecular replacement, contains two Rap1:RIAM complexes in an

asymmetric unit (Table 1).

The crystal structure reveals that Rap1 and RIAM bind canonical-

ly. The b2 of the RA domain in RIAM forms an antiparallel b-sheet

interaction with the Rap1 b2 in the Switch I region (residues 25–

40) (Figure 1B). In both copies, Rap1 interacts with the RA

domain of RIAM via the Switch I region exclusively. In copy 1,

side chains in the Switch I region of Rap1 make extensive interac-

tions with side chains from the b1, b1–b2 loop, b2, and a1 of

the RIAM RA domain. Gln25, Lys31, Asp33, Glu37, Ser39, and

Tyr40 of Rap1 form H-bonds with Thr214, Glu212, Lys213,

Lys184, Thr192, and Lys193 of RIAM, respectively. Furthermore,

Ile27Rap1 makes van der Waals contact with His215RIAM

(Figure 1C). In addition, a water-mediated H-bond network

located between residues 25–41 of Rap1 and residues 189–213

of RIAM also strengthens this interface (Supplementary Figure

S1). The well-defined electron density for these interacting resi-

dues is indicative of a stable binding interface (Figure 1D).

Contrary to the ‘fully engaged’ copy 1, only three H-bonds remain

in copy 2 (Figure 1C). A double mutation G12V/Q63E was intro-

duced to Rap1 to prevent GTP hydrolysis. G12V is in the a1–b1

loop and makes little contact with the Switch regions. The Switch

I region is essentially identical in all Ras:effector complexes.

Q63E is in the disordered Switch II region, which is often highly

dynamic in other Ras:effector complex structures as well. Thus,

the G12V/Q63E double mutation does not appear to affect the

Rap1 conformation in the Switch regions.

Compared with the structure of RIAM RA–PH alone (PDB ID 3TCA),

the RA–PH molecule of RIAM in the complex remains virtually un-

changed with an overall root-mean-square-deviation (rmsd) of

0.17 Å (246 Ca atoms). The two Rap1 molecules in the asymmetric

unit are also mostly identical with an rmsd of 0.20 Å. Superposition

of the Rap1 molecules from the two copies reveals an �158 rotation

between the two RIAM RA–PH molecules (Figure 1E). This movement

displaces thea1 helix of the RA domain away from thea1–b2 loop of

Rap1 in copy 2, disrupting the Glu212Rap1:Lys31RIAM salt bridge and

the interactions of Ile27Rap1:His215RIAM and Gln25Rap1:Thr214RIAM

(Figure 1E). The loss of the Glu37Rap1:Lys184RIAM interaction in

copy 2 is mainly due to a rotamer change in Glu37Rap1. We then ana-

lyzed crystal packing and B-factors of the two copies. The Rap1 mol-

ecule incopy 1 makes crystal contacts with the Rap1 molecule in copy

2 from a neighboring asymmetrical unit, primarily through weak

H-bonding interactions formed by Glu45 and Asn155/Tyr159

(Figure 1F). Therefore, it is possible that the conformation of the

Rap1:RIAM complex in copy 2 is due to crystal packing. Electron

density and B-factor analyses also suggest that copy 1 (B-factor¼

12.5 Å2) is more stable than copy 2 (B-factor¼ 14.5 Å2) (Figure 1D

and Table 1). Thus, copy 1 reveals a stable configuration of the

Rap1:RIAM complex.

Structural comparison with other Ras/Rap1:RA/RDB complexes

RIAM has been shown to participate in signaling pathways

mediated by Rap1 but not other Ras family GTPases (Lafuente

et al., 2004; Lee et al., 2009; Wynne et al., 2012). While Ras family

GTPases share high sequence identity in the Switch I region, the

interacting region sequence in Ras effector proteins is not well

conserved despite the similar backbone conformation (Figure 2A).

To elucidate the structural determinants for the highly specific

Rap1:RIAM interaction, we compared the Rap1:RIAM complex

with other Ras/Rap1:RA/RBD complexes with known structures, in-

cluding Rap1:cRaf1, H-Ras:RalGDS, Rap1:KRIT1, and H-Ras:RAPL

(Figure 2B, PDB ID 1GUA, 1LFD, 4DXA, and 3DDC, respectively)

(Nassar et al., 1996; Huang et al., 1998; Stieglitz et al., 2008; Li

et al., 2012). The Ras-binding domains in RalGDS, cRaf1, and RAPL

exhibit high structural similarity to the RIAM RA domain, whereas

KRIT1 interacts with the Rap1 GTPase domain with both F1 and F2

lobes. The GTPase domain of Rap1 binds to the RIAM RA domain

with a moderate affinity (Kd ¼ 0.7 mM) (Takala and Ylanne, 2012),

Table 1 Data collection and refinement statistics for Rap1:RIAM.

Rap1:RIAM

Crystal

Space group P212121

a, b, c (Å) 82.5, 85.8, 160.9

a, b, g (o) 90.0, 90.0, 90.0

Data collection

Resolution (Å) 50.0–1.65

Completeness (%) 99.4 (93.8)

Rsym (%) 6.3 (44.8)

I/s(I) 29.2 (2.1)

Unique reflections 137303

Redundancy 5.6 (4.0)

Refinement

Resolution (Å) 50.0–1.65 (1.69–1.65)

Rwork (%) 19.7 (27.5)

Rfree (%) 21.9 (28.5)

RMSD bonds (Å) 0.005

RMSD angle (o) 1.070

Protein atoms 6923

Solvent atoms 734

Total residues 862

Residue omit

Chain A 62–64

Chain B 279–292

Chain C 62–67, 167

Chain D 280–292

Average B-factors (Å2)

Main chain atoms 13.2

Side chain atoms 13.8

Solvent 29.1

Chain A (Rap1) 14.6

Chain B (RIAM) 11.1

Chain C (Rap1) 18.9

Chain D (RIAM) 11.9

Chain AB 12.5

Chain CD 14.5

Ramachandran

Favored regions (%) 98.0

Allowed regions (%) 100.0

Rsym ¼ S|Iobs 2 Iavg|/SIavg; Rwork ¼ S||Fobs 2 Fcalc||/SFobs; Rfree was calculated

using 5% of data and the same sums.
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Figure 2 Sequence and structural comparison of Rap1:RIAM and other Ras:effector complexes. (A) Structure-based sequence alignment of Switch

I region of Ras family (upper panel) and Ras-binding domains (lower panel). Conserved residues are colored in yellow and non-conserved residues

are colored in pink. Single asterisks indicate RIAM-interacting residues only seen in copy 1; double-asterisks denote RIAM-interacting residues

seen in both copies. Secondary structure elements of the RA/RBD domain are shown in cyan (b-strand) and pink (a-helix). Green letters in the

RIAM sequence indicate Rap1-interacting residues. Conserved Ras-interacting residues are highlighted in yellow. The RAPL residue highlighted

in green indicates a water-mediated interaction with Ras. Non-conserved Ras-interacting residues are highlighted in purple. Arg432 and

Arg452 of KRIT1 (highlighted in orange) interact with Rap1 Asp33 and Tyr40 reversely with respect to their sequence alignment. Conserved resi-

dues in Lpd and Grb10 are highlighted in gray, as no complex structure is available for comparison. (B) Superposition of Rap1:RIAM with
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similar to Rap1:RAPL (1.3 mM) (Stieglitz et al., 2008), Rap1:KRIT1

(1.8 mM) (Liu et al., 2011; Li et al., 2012), and Ras:RalGDS

(1.3 mM) (Linnemann et al., 2002), but significantly lower than

H-Ras:RAPL (0.08 mM) (Stieglitz et al., 2008), Ras:Raf1 (0.02 mM)

(Herrmann et al., 1995), and Rap1:RalGDS (0.007 mM) (Linnemann

et al., 2002). The buried surface in the Rap1:RIAM complex is

555 Å2, close to that of Rap1:cRaf-1 (673 Å2) and Ras:RalGDS

(647 Å2). In contrast, H-Ras:RAPL (823 Å2) and Rap1:KRIT1

(921 Å2) complexes contain larger buried surfaces due to additional

interactions outside of the Switch I region (Figure 2B).

Among the five complex structures, the Asp33Rap1:Lys213RIAM

and Glu37Rap1:Lys184RIAM interactions are conserved (Asp33Rap1:

Arg432KRIT1 and Glu37H-Ras:Lys236RAPL are mediated by water

molecules), whereas the Tyr40Rap1:Lys193RIAM interaction is

absent in Rap1:cRaf1 and H-Ras:RAPL complexes, suggesting

that this interaction is specific for Rap1:RIAM, Rap1:KRIT1, and

H-Ras:RalGDS (Figure 2C). A Lys31:Glu212 salt bridge further

strengthens the Rap1:RIAM complex (Figure 1C). Interestingly,

this salt bridge is not present in any other Rap1:RA/RBD complex

structures. Within the Switch I region, four residues (Gly26, Ile27,

Glu30, and Lys31) in Rap1 are different from other Ras GTPases

(Figure 2A). Among these four residues, Lys31 is the most striking

one, as the residues at this position in other Ras GTPases are all

negatively charged (Glu or Asp). To date, no side-chain interaction

mediated by the Lys31 of Rap1 is observed in any Rap1:RA/RBD

complex. We now show that Rap1 Lys31 forms a salt bridge with

a unique Glu212 residue in the RIAM RA domain. Although a con-

served aspartate residue is present in Lpd and RalGDS at the corre-

sponding position (Asp302Lpd and Asp51RalGDS) (Figure 2A), it

appears that the aspartate residues may not be able to interact

with the Lys31 of Rap1. Lpd has been reported to be unable to inter-

act with Rap1 specifically (Krause et al., 2004), and Asp51RalGDS

does not interact with the Lys31 residue in a Rap1-like

Ras-(E31K) mutant (Huang et al., 1998). Thus, our structure, for

the first time, reveals that Lys31 serves as a key specificity deter-

minant of Rap1 in recruiting its effector protein by forming a

unique salt bridge. Interestingly, in RalGDS, an Asp56RalGDS

residue in an extended loop following a1 also forms a salt bridge

with the Lys31 side chain of the Ras-(E31K) mutant (Figure 2C), in-

dicating that Lys31 of Rap1 may also contribute to the tight associ-

ation of RalGDS and Rap1.

Mutations of binding determinants in the RIAM:Rap1 complex

diminish the interaction

To assess the contribution of the H-bonds observed in the

Rap1:RIAM complex structure, we made point mutations K31A,

K31E, D33A, E37A, and Y40A in the constitutively active

Rap1-(G12V), and evaluated the binding of RIAM to Rap1 using

in-cell co-immunoprecipitation (Co-IP) assays. All Rap1 mutants

significantly diminished their association with full-length RIAM

(Figure 3A). Conversely, we made K184A, K193A, E212A, and

K213A mutations in RIAM for the Co-IP assays. These mutants also

weakened the Rap1:RIAM interaction (Figure 3B). Thus, these

results support that the electrostatic interactions between residues

in the Switch I region of Rap1 and the b1–b2–a1 region of RIAM

are essential for theassociationofRap1 and RIAM. To further validate

the specificity determinant role of the Lys31Rap1:Glu212RIAM salt

bridge in Rap1:RIAM binding, we made complementary mutants of

Rap1-(K31E) and RIAM-(E212K) and assessed their interaction

using Co-IP. While single mutations of Rap1 (K31A or K31E) or

RIAM (E212A or E212K) diminish the association, the complementa-

rily mutated pair Rap1-(K31E) and RIAM-(E212K) successfully

restores the binding (Figure 3C). These results were also confirmed

by in vitro pull-down assays using purified RIAM RA–PH and Rap1

GTPase domain bearing these mutations (Supplementary Figure S2).

To investigate the role of the remaining non-conserved residues

in the Rap1 Switch I region (Gly26, Ile27, and Glu30) in Rap1:RIAM

binding, we made mutations to swap these residues in N-Ras and

Rap1, and assessed the binding of their GTPase domains with

RIAM RA–PH. Rap1-NH (G26N/I27H) does not alter the binding sig-

nificantly, whereas the Rap1-like N-Ras mutation N26G/H27I/

D30E/E31K (GIEK) exhibits substantial gain of affinity towards

RIAM RA–PH (Figure 3D). These results support that Lys31 is the

key determinant residue that defines the binding specificity of

Rap1 and RIAM, and the Lys31Rap1:Glu212RIAM salt bridge, along

with other side-chain interactions, stabilizes the Rap1:RIAM

complex.

Rap1:RIAM complex is required for the co-clustering of RIAM and

Rap1 at the PM and integrin-mediated cell adhesion

It has been shown that RIAM functions as a scaffold that connects

the membrane targeting sequence CAAX box of Rap1 to talin, pro-

motes recruitment of talin to the PM, and activates integrin (Lee

et al., 2009). Previously, a CHO-A5 cell line expressingaIIbb3 integrin

has been established to reconstitute Rap1-induced co-clustering of

Rap1, RIAM, talin, and aIIbb3 integrin (Han et al., 2006; Lee et al.,

2009). To establish the biological relevance of the Rap1:RIAM inter-

action in subcellular localization, we co-transfected CHO-A5 cells

with GFP-RIAM and HA-Rap1, and monitored co-clustering of RIAM

and Rap1 by fluorescence microscopy. We first validated that wild-

type (WT) RIAM and Rap1-(G12V) co-cluster at the PM with integrin

aIIbb3 in these cells (Figure 4A). In contrast, co-transfection of

Rap1-(G12V) with RIAM mutants K193A, K213A, E212K, E212A, and

K183A significantly inhibits co-clustering of RIAM and Rap1 with in-

tegrin at the PM (Figure 4B). Similarly, mutations of Rap1 in the corre-

sponding residues (D33A, Y40A, E37A, K31A, and K31E) also diminish

theco-clustering(Figure4C).Wethentestedwhetherthecomplemen-

tarily mutated pair Rap1-(K31E) and RIAM-(E212K) can restore the

Rap1:cRaf1 (PDB ID 1GUA, cRaf1 in red), H-Ras:RalGDS (PDB ID 1LFD, H-Ras in green, RalGDS in purple), Rap1:KRIT1 (PDB ID 4DXA, KRIT1 in pink),

and H-Ras:RAPL (PDB ID 3DDC, H-Ras in green, RAPL in gray). (C) Superposition of Ras/Rap1:RA/RBD complexes for Rap1 residues Lys31, Asp33,

Glu37, Ser39, and Tyr40, and corresponding interacting residues. The color scheme of the Rap1/Ras and RA/RBD ribbon models are the same as in

B. The interaction formed by the mutated residue in Rap1:cRaf1 (K31E and K84, respectively) is labeled with red text and red dotted line. A water

molecule is shown as a red sphere and H-bonds are denoted by dotted lines of cyan (Rap1:RIAM), orange (Rap1:cRaf1/KRIT1), or pink

(H-Ras:RalGDS/RAPL). Contacting residues are labeled in colored text accordingly to the color scheme of the molecules and non-contacting resi-

dues are shown in light gray stick figures with black text.
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co-clustering in CHO-A5 cells. When Rap1-(K31E) or RIAM-(E212K) is

co-expressed with WT RIAM or Rap1, respectively, the co-clustering is

inhibited, and the loss of co-clustering can be rescued by

co-expressing the complementarily mutated pair (Figure 4D). Thus,

mutations in the interface of the RIAM:Rap1 complex disrupt its

co-clustering in CHO-A5 cells, and co-expression of RIAM-(E212K)

and Rap1-(K31E) restores the co-clustering.

Overexpression of Rap1 or RIAM induces integrin-mediated cell

adhesion (Lafuente and Boussiotis, 2006). To assess the effect of

Rap1 and RIAM interface mutations in cell adhesion, we transfected

Figure 3 Validation of the determinant residues for RIAM–Rap1 interaction. (A) Association of various Rap1 (WT, K31A, K31E, D33A, E37A, and

Y40A) and WT RIAM measured by Co-IP. (B) Association of various RIAM forms (WT, K184A, K193A, E212A, and K213A) and constitutively

active HA-Rap1-(G12V) measured by Co-IP. (C) Co-IP assays for complementarily mutated pair of RIAM-(E212K) and Rap1-(K31E). (D) In vitro pull-

down assay of RIAM binding to Rap1, N-Ras, and M-Ras. All Rap1 and Ras proteins are constitutively active forms (Rap1-(G12V), N-Ras-(G12V), and

M-Ras-(Q71L)). Rap1-NH and N-Ras-GIEK denote Rap1-(G12V) bearing mutations of G26N/I27H and N-Ras-(G12V) bearing mutations of N26G/

H27I/D30E/E31K, respectively. *P , 0.01, n ¼ 3.
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Figure 4 RIAM:Rap1 complex is required for the co-clustering of RIAM and Rap1 at the PM and integrin-mediated cell adhesion. (A) Rap1 and RIAM

co-cluster with integrinaIIbb3. A5 cells co-expressing GFP-RIAM and mCherry-Rap1-(G12V) were stained with integrinaIIbb3 antibody. Images in

gray scale are shown in the lower row. (B) Fluorescent images of A5 cells co-expressing Rap1-(G12V) and RIAM mutants K184A, K193A, E212A,

E212K, and K213A. (C) Images of A5 cells co-expressing GFP-RIAM and Rap1 mutants K31A, K31E, D33A, E37A, and Y40A. (D) Co-clustering of

the complementarily mutated pair of GST-RIAM-(E212K) and HA-Rap1-(K31E). Representative co-clusters are indicated in the yellow dotted

boxes. Scale bar, 10 mm. (E) The adhesion index of HEK293T cells transfected with the WT HA-Rap1-(G12V) and interface mutants K31A, K31E,

D33A, E37A, and Y40A. The percentage of adhesion of each mutant was normalized to that of Rap1-(G12V) and presented in a bar graph

(upper panel; *P , 0.001 compared with Rap1-(G12V), n ¼ 3). HA-Rap1 expression was verified by western blotting (lower panel). (F) The adhe-

sion index of HEK293T cells transfected with the WT RIAM and interface mutants K183A, K193A, E212A, E212K, and K213A (upper panel; *P , 0.05,

**P , 0.01 compared with RIAM, n ¼ 3). RIAM expression was verified by western blotting (lower panel).
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active Rap1 or interface mutations into HEK293T cells grown on

fibronectin-coated microplates and quantified cell adhesion.

Cells transfected with Rap1-(G12V) bearing Rap1:RIAM interface

mutations show an �70%–80% decrease in cell adhesion

(Figure 4E). We then transfected cells with WT RIAM or its mutations

and measured the cell adhesion. Cells transfected with RIAM

mutants also exhibit an �35%–50% decrease in cell adhesion

compared with WT RIAM (Figure 4F). Co-transfection of Rap1 and

RIAM results in highly elevated level of cell adhesion, which

makes the effect of complementarily mutated pair in restoration

of cell adhesion insignificant. Nevertheless, the reduction in cell

adhesion caused by the single mutations of Rap1 or RIAM suggests

that the integrity of the Rap1:RIAM complex is required for inducing

integrin-mediated cell adhesion.

Discussion

In addition to RIAM, Lpd is the other mammalian ortholog in the

MRL protein family. Although both Lpd and RIAM are ligands for

Ena/VASP proteins and are capable of binding talin (Krause

et al., 2004; Lafuente et al., 2004; Lee et al., 2009), the two RA–

PH-containing adaptor proteins serve distinct functions in Ras sig-

naling. It has been shown that RIAM, but not Lpd, interacts with

Rap1 specifically (Krause et al., 2004). Our data also confirmed

that Rap1 interacts with the RA–PH domains of RIAM much more

strongly than that of Lpd, despite their high sequence identity in

the Rap1/Ras-binding site (Supplementary Figure S3A). It is pos-

sible that the replacement of the RIAM Glu212 by a shorter

Asp302 in Lpd destabilizes the Glu212RIAM:Lys31Rap1 salt bridge,

which is supported by our data that a RIAM-(E212D) mutant exhi-

bits .50% reduction in Rap1 binding (Supplementary Figure

S3B). Previous structural studies have also shown that the Lys31

residue in a Ras-(E31K) mutant does not interact with the

Asp302Lpd equivalent Asp51RalGDS or K302DRAPL (Nassar et al.,

1996; Stieglitz et al., 2008). Furthermore, the PM-abundant

PI(4,5)P2 plays important roles in RIAM-mediated integrin activa-

tion. The poor PI(4,5)P2-binding affinity of Lpd may also restrict

its PM localization and thereby hinder its association with Rap1

(Chang et al., 2013). In contrast, RIAM and talin both preferentially

interact with PI(4,5)P2 via the PH domain and the F2–F3 domains,

respectively, leading to the release of talin autoinhibition and the

initiation of integrin clustering (Goksoy et al., 2008; Saltel et al.,

2009; Wynne et al., 2012). In addition, other proteins such as

kindlin, migfilin, and ILK have also been suggested to enhance in-

tegrin activation (Honda et al., 2009; Moser et al., 2009; Das et al.,

2011). Particularly, PtdInsP kinase Ig has been shown to locally

synthesize PI(4,5)P2 and is capable of modulating talin function

and cell adhesion (Legate et al., 2011; Calderwood et al., 2013).

Some of these protein components may also promote the associ-

ation and the PM localization of Rap1:RIAM complex by unknown

mechanisms. Thus, it appears that Lpd cannot replace RIAM in me-

diating inside-out integrin signaling.

Instead, Lpd has recently been shown to interact with M-Ras and

participate in M-Ras-mediated dendrite development (Tasaka et al.,

2012). Our data confirm that Lpd binds to M-Ras much more strongly

than to Rap1 and N-Ras, whereas RIAM preferentially binds to Rap1

(Supplementary Figure S3C). In M-Ras (PDB ID 3KKO), Lys36

(Gly26Rap1 equivalent) forms a salt bridge with Asp165 in the

C-terminal helix. It is possible that this interaction stabilizes the

hydrophobic packing of Ile37M-Ras (Ile27Rap1 equivalent), Val39M-Ras

(Val29Rap1 equivalent), and His305Lpd (Supplementary Figure S3D).

Since the histidine residue is only conserved in RIAM (His215RIAM),

M-Ras may also interact with RIAM but not with Grb14, which is sup-

ported by our in vitro binding result (Supplementary Figure S3E).

During our analysis of the Rap1:RIAM complex, a structure of the

H-Ras:Grb14 complex was reported (Qamra and Hubbard, 2013).

Grb14 belongs to the RA–PH-containing Grb7/10/14 adaptor

protein family and inhibits insulin signaling upon Ras recruitment

(Depetris et al., 2009). Both Rap1:RIAM and H-Ras:Grb14 com-

plexes adopt the canonical Ras:effector binding mode. The

overall B-factor of the Rap1:RIAM complex is much lower than

that of the H-Ras:Grb14 complex (14 Å2 vs. 67 Å2). In both com-

plexes, salt bridges are present at Asp33:Lys (RIAM Lys213 and

Grb14 Lys140) and Asp37:Lys (RIAM Lys184 and Grb14 Lys111).

The interactions of Lys31Rap1:Glu212RIAM, Ser39Rap1:Thr192RIAM,

and Tyr40Rap1:Lys193RIAM are absent in H-Ras:Grb14 (Supplementary

Figure S4). Instead, H-Ras makes additional contact with Grb14

through a Switch II region residue Tyr64.

Oligomerization is a common mechanism for regulating the ac-

tivity and signaling of receptor molecules and related signaling pro-

teins. Since the RA–PH structural module binds membrane

phosphoinositides with moderate to low affinities compared with

a conventional PH domain (Depetris et al., 2009; Wynne et al.,

2012; Chang et al., 2013), dimerization of the RA–PH-containing

proteins mayserve to increase their avidity to the PM, thereby facili-

tating the association with membrane-anchored Ras GTPases. For

example, Grb10 dimerizes via an SH2 domain and a helical exten-

sion of the PH domain (Stein et al., 2003; Depetris et al., 2009).

Lpd also dimerizes via the coiled-coil region preceding the RA

domain (Chang et al., 2013). Hence, it is possible that RIAM may

also function as a dimer in integrin signaling. Intriguingly, RIAM

is responsible for the PM translocation of talin, which functions

as a dimer through a C-terminal helix as well (Gingras et al.,

2008). While the conserved coiled-coil motif that mediates the di-

merization of Lpd (PDB ID 4GMV) (Chang et al., 2013) is disordered

in the crystal structure of RIAM (PDB ID 3TCA) (Wynne et al., 2012),

we discovered a common interface mediated by residues His389

and Tyr398 of the two PH domains in the crystals of Rap1:RIAM

complex and RIAM alone (PDB ID 3TCA) (Supplementary Figure

S5). The two distinct crystals consist of different protein compo-

nents (CC–RA–PH in 3TCA; RA–PH and Rap1 in the Rap1:RIAM

crystal), indicating that this common interface may be biologically

relevant. Thus, this finding may facilitate the efforts in further in-

vestigating the regulatory mechanism of the RIAM-mediated integ-

rin activation.

As a subgroup of the Ras superfamily, the Ras family GTPases

include the Rat sarcoma (Ras) oncoproteins, Rap, R-Ras, Ral, and

Rheb proteins (Wennerberg et al., 2005), which share high se-

quence identity and structural similarity in the GTPase domain. It

is therefore important for Ras GTPases to recognize specific effector

proteins for their distinct signaling functions. Previous in vitro data

have suggested that RIAM interacts with GTP-bound Rap1, but not

with GDP-bound Rap1, and retains weak, rather nonspecific binding

capability with other Ras GTPases (Figure 3D) (Lafuente et al., 2004;

Wynne et al., 2012). Nonetheless, this interaction is largely
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suppressed in cell signaling, likely by its effector proteins that inter-

act with Ras with much betteraffinity (in low nanomolar range), such

as Raf-1. In Rap1-induced integrin activation, Lys31 of Rap1 serves

as the key specificity determinant that recognizes RIAM, and the

binding of RIAM PH domain to PI(4,5)P2 facilitates the PM transloca-

tion of Rap1:RIAM complex. Afterwards, RIAM recruits talin via the

TB region. Intriguingly, this region may also function in RIAM auto-

inhibition by blocking Rap1 binding (Wynne et al., 2012). Since the

TB region is highly negatively charged, we hypothesize that TB

may mask the positively charged PI(4,5)P2-binding surface in the

PH domain and block PI(4,5)P2 binding. While it is unclear what trig-

gers the release of the TB region, the PM translocation of the

Rap1:RIAM complex or the presence of talin may initialize this

event. Once talin is recruited to the PM by the TB region, the inter-

action of the talin head region and the cytoplasmic tail of integrin

b subunit in turn induces integrin activation (Wegener et al., 2007;

Elliott et al., 2010), by which integrin extends its extracellular

domains and associates with the ECM (Zhu et al., 2008) (Figure 5).

In summary, our results reveal new insight into the highly

specific interaction between Rap1 and its effector protein RIAM

through the RA–PH module. The high-resolution crystal structure

of Rap1:RIAM complex will also facilitate the development of po-

tential inhibitors targeting inside-out integrin activation by inter-

vening in the specific binding of Rap1 and RIAM.

Materials and methods

Plasmid DNA constructs, mutagenesis, and antibodies

cDNAs encoding full-length mouse RIAM were cloned into

pEGFP-C1 vector and the resulting plasmid was used as a PCR tem-

plate to make RIAM RA–PH constructs. Full-length human Rap1A

was cloned into mammalian expression vector pCGN with an

N-terminal HA tag. Bacterial expression plasmids were constructed

bysubcloning gene fragments into a modified pET28a vector contain-

ing a TEV cleavage site for making 6× His-tagged proteinand MCS, or

a pGEX-5X-1 vector (GE Healthcare) for making GST-tagged proteins.

Mutations were generated by using the QuikChange II XL site-

directed mutagenesis kit (Stratagene). All constructs were confirmed

by DNA sequencing. Anti-HA and anti-His mouse monoclonal anti-

bodies were purchased from Sigma-Aldrich. Anti-GFP rabbit poly-

clonal antibody was purchased from Clontech Laboratories.

Figure 5 Working model for inside-out integrin activation mediated by Rap1:RIAM complex. Upper left: integrin (asubunit in green andbsubunit in

orange) is in a resting state prior to Rap1 (yellow) activation via GTP (green) exchange. Lower left: in a hypothetical model of the RIAM autoinhibi-

tion, the negatively charged TB region of RIAM (cyan cylinder with dashed outline) masks the positively charged PI(4,5)P2-binding site in the PH

domain, blocking the PM translocation and talin association. Right: upon the binding of GTP, Rap1 switches to the active state and recruits RIAM via

the backboneb-sheet interaction and a series of side-chain interactions (in black text) including the Lys31:Glu212 interaction unique to Rap1:RIAM

(in red text); the PM localization of the Rap1:RIAM complex is facilitated by the association of PH and PM PI(4,5)P2, which also releases the TB region

(cyan cylinder with solid outline) for talin (in pink) recruitment. Talin in turn activates integrin by a head-to-tail interaction. Activated integrin

extends its extracellular domains to interact with ECM.
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Protein expression and purification

The recombinant proteins were expressed in E. coli BL21

(DE3)-T1
R strain (Sigma-Aldrich) in LB medium by induction with

0.4 mM IPTG overnight at 208C. Bacterial cells were harvested,

resuspended in lysis buffer (20 mM Tris, pH 7.5, 500 mM NaCl)

and lysed by a high-pressure homogenizer (AVESTIN, Inc.).

His-tagged proteins (Rap1, N-Ras, M-Ras, RIAM, Lpd, and Grb14)

were purified using HisTrap Ni-affinity chromatography columns

(GE Healthcare). The His tag was removed by recombinant TEV pro-

tease. Rap1, N-Ras, and M-Ras were further purified on an

anion-exchange column (Resource Q, GE Healthcare). RIAM, Lpd,

and Grb14 were purified on a cation-exchange column (Resource

S, GE Healthcare). GST-tagged proteins (Rap1, M-Ras, RIAM, Lpd)

were purified using GST-affinity chromatography columns (GSTrap,

GE Healthcare) followed by a gel filtration chromatography column

(Superdex-75, GE Healthcare). All purified proteins were quantified

by measuring absorbance at 280 nm and confirmed by SDS–PAGE.

X-ray crystallography

To load GTP, purified Rap1 was first incubated with 10 mM GTP

and 2 mM EDTA for 30 min on ice. MgCl2 was then added to the

mixture to a final concentration of 5 mM. Both RIAM RA–PH and

Rap1-GTP were concentrated to 5 mg/ml and mixed stoichiometric-

ally on ice. The protein complex was mixed with an equal volume of

reservoir solution to screen for crystallization conditions. Crystals of

RIAM RA–PH in complex with Rap1 were grown by hanging drop

vapor diffusion method at 48C with a reservoir solution containing

0.1 M ammonium sulfate, 0.1 M Tris, pH 7.5, and 15% (w/v) PEG

1500. Cryoprotectant screening was performed on a Rigaku X-ray

source. The crystals were flash frozen in liquid nitrogen with reser-

voir solution plus 20% (v/v) ethylene glycol. Final diffraction data

were collected at beamline X25 of the National Synchrotron Light

Source at Brookhaven National Laboratory (Upton, NY, USA), and

processed using HKL2000 (Otwinowski and Minor, 1997). The

complex structure of RIAM RA–PH and Rap1 GTPase domain was

determined by molecular replacement using the RIAM RA–PH

(PDB ID 3TCA) and Rap1 (PDB ID 1C1Y) structures as the search

models. We performed model building with Coot (Emsley and

Cowtan, 2004) and refined the structure using REFMAC (Vagin

et al., 2004). The final atomic model contains residues 1–167 of

chain A (Rap1), residues 178–437 of chain B (RIAM), residues 1–

166 of chain C (Rap1), and 178–437 of chain D (RIAM), excluding

residues 62–64 (chain A), residues 278–292 (chain B), residues

62–67 (chain C), and residues 280–292 (chain D). Atomic coordi-

nates and structure factor have been deposited in the Protein

Data Bank under the accession number 4KVG.

GST pull-down, immunoprecipitation, and western blotting

For in vitro pull-down assays, purified GST-RIAM RA–PH proteins

immobilized on glutathione agarose were incubated with purified

His-tagged Rap1 loaded with GTP in reaction buffer (20 mM Tris–

HCl, pH 7.5, 100 mM NaCl, 2 mM DTT, 10 mM MgCl2) for 30 min at

48C. After washing, bound proteins were eluted with elution buffer

(100 mM Tris–HCl, pH 8.0, 20 mM reduced glutathione). The

eluted samples were separated by SDS–PAGE and detected by

western blotting with an anti-His antibody or Coomassie blue stain-

ing. For immunoprecipitation, HEK293T cells were co-transfected

with HA-Rap1 and GFP-RIAM and cell lysates were prepared with

lysis buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2,

1% (v/v) Triton X-100, 1 mM DTT, and complete protease inhibitor

cocktail (Roche)) at 24 h post-transfection. The cell lysates were

clarified by centrifugation and immunoprecipitated with 5 mg of

anti-HA antibody overnight at 48C. Protein A/G PLUS-Agarose

(Santa Cruz Biotechnology) was added to the reaction mixture and

incubated for 1 h at 48C with gentle rotating. Bound proteins were

eluted with 1× sample buffer and resolved by SDS–PAGE. The frac-

tions were transferred to Immobilon-P transfer membrane (EMD

Millipore). The membranes were blocked with TBST buffer (20 mM

Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20) containing

5% (w/v) BSA for 1 h and then incubated with anti-HA and

anti-GFP antibodies for 1 h at room temperature. After incubation

with HRP-conjugated secondary antibody, the blots were visualized

by SuperSignalw West Pico Chemiluminescent Substrate (Thermo

Scientific) and detected by a FluorChem E imager (ProteinSimple).

Western blots were quantified by densitometric analysis using

Image J (http://rsb.info.nih.gov/ij/). An unpaired t-test was

performed to calculate the P-value using GraphPad Prism 5

(GraphPad software, Inc.).

Cell culture and transfection

HEK293T cells were maintained at 378C with 5% CO2 in

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented

with 10% fetal bovine serum (FBS). CHO cells stably expressing in-

tegrinaIIbb3 (A5) were grown in Ham’s F-12 medium plus 10% FBS

in the presence of G418 and Zeocin. For transient transfection,

LipofectamineTM
2000 (Invitrogen) was used according to manufac-

turer’s recommendations.

Immunofluorescence staining and microscopy

aIIbb3-expressing CHO cells (A5) were grown on glass cover slips

and co-transfected with HA-Rap1-(G12V) and designated GFP-RIAM

mutants, or with GFP-RIAM and HA-Rap1-(G12V) mutants. At 24 h

post-transfection, the cells were fixed with 4% (w/v) paraformalde-

hyde for 30 min and permeabilized with 0.2% (v/v) Triton X-100 for

20 min at room temperature. The fixed cells were blocked with 1%

BSA/10% normal goat serum (Invitrogen) and incubated with

anti-HA antibody (Sigma-Aldrich) for 1 h followed by incubation

with Alexa Fluor 555-conjugated goat anti-mouse antibody for 1 h

at room temperature. The cover slips were washed with PBS buffer

and mounted with ProLong Gold antifade reagent (Molecular

Probes).Toobservetheco-clusteringofRIAMandRap1with integrins,

the A5 cells were co-transfected with GFP-RIAM and mCherry-Rap1,

and immunostained with integrin aIIb/b3 antibody (P256, Santa

Cruz Biotechnology) and Alexa Fluor 647-conjugated secondary anti-

body. The stained cells were imaged with a Nikon Eclipse TE2000-U

microscope equipped with a Cascade 650 monochrome and

MetaVue(Universal Imaging/Molecular Devices) software foracquisi-

tion using a 60× oil immersion objective (Nikon, Plan Apo, NA 1.40).

The images were processed for presentation by Image J.

Cell adhesion assay

One day prior to cell adhesion assay, 96-well Maxisorp micro-

plates (Nunc) were coated with human fibronectin (1 mg/ml,

Sigma-Aldrich) in PBS buffer overnight at 48C. The plates were
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then washed with PBS buffer and blocked with 1% (w/v) heat-

denatured BSA in PBS buffer for 1 h at room temperature.

HEK293T cells were transiently transfected with Rap1 or RIAM

mutants, detached by trypsin at 48 h post-transfection, and resus-

pended in serum-free DMEM containing 25 mM HEPES, pH 7.5.

The cell suspensions were incubated at 378C, 5% CO2 for 10 min.

Cells were plated onto 96-well microplate in triplicate and allowed

to adhere to plate for 5 min at 378C. Non-adherent cells were

removed by gently washing with PBS buffer. The attached cells

were fixed with 5% (w/v) glutaraldehyde (Molecular Probes) for

20 min at room temperature. Input cells were set up to determine

100% attachment by addition of cells in uncoated wells and fixing

without washing. After washing with water, fixed cells were

stained with 0.1% (w/v) crystal violet (Sigma-Aldrich) in 200 mM

MES, pH 6.0 for 60 min at room temperature. The dyes absorbed

by cells were solubilized in 10% (v/v) acetic acid for 5 min at room

temperature. The absorbance was measured at 570 nm using an

EnVision Multilabel plate reader (Perkin Elmer). The data were

expressed in percentage as absorbance of cells bound to that of

input cells. The cell adhesion percentages of Rap1 and RIAM

mutants were normalized to that of Rap1-(G12V) and WT RIAM, re-

spectively. An unpaired t-test was used to calculate the P-value.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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