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The Arf Family GTPase Arl4A Complexes with ELMO Proteins
to Promote Actin Cytoskeleton Remodeling and Reveals a
Versatile Ras-binding Domain in the ELMO Proteins Family™
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(Background: ELMO complexes with DOCK180 and contributes to Rac signaling.
Results: Arl4A binds ELMO and is a membrane localization signal that triggers DOCK180-Rac-dependent actin cytoskeleton

Conclusion: ELMO, via its versatile Ras-binding domain, binds its effector Arl4A, and this novel interaction facilitates Rac

Significance: This is the first demonstration of a Ras-binding domain that binds Arf or Rho family GTPases.
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The prototypical DOCK protein, DOCK180, is an evolution-
arily conserved Rac regulator and is indispensable during pro-
cesses such as cell migration and myoblast fusion. The biological
activity of DOCK180 is tightly linked to its binding partner
ELMO. We previously reported that autoinhibited ELMO pro-
teins regulate signaling from this pathway. One mechanism to
activate the ELMO-DOCK180 complex appears to be the
recruitment of this complex to the membrane via the Ras-bind-
ing domain (RBD) of ELMO. In the present study, we aimed to
identify novel ELMO-interacting proteins to further define the
molecular events capable of controlling ELMO recruitment to
the membrane. To do so, we performed two independent inter-
action screens: one specifically interrogated an active GTPase
library while the other probed a brain cDNA library. Both meth-
ods converged on Arl4A, an Arf-related GTPase, as a specific
ELMO interactor. Biochemically, Arl4A is constitutively GTP-
loaded, and our binding assays confirm that both wild-type and
constitutively active forms of the GTPase associate with ELMO.
Mechanistically, we report that Arl4A binds the ELMO RBD and

* This work was funded by a Canadian Institutes of Health Research operating
grant (to J.-F. C.). This work was also supported by grants from the National
Science Council, Taiwan, (NSC-100 2325-B-022-028), and National Taiwan
University Hospital (99P21-1, to F.-J. S. L.).

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Figs. S1-S3.

' Both authors contributed equally.

2 Recipient of a Canadian Institutes of Health Research-Institut de Recherches
Cliniques de Montréal training studentship.

3 Recipient of a Université de Montréal-Comité d’'Organisation du Pro-
gramme des Stagiaires d'Eté undergraduate studentship funded by Pfizer
Canada.

*To whom correspondence may be addressed: Inst. of Molecular Medicine, 7
Chung-Shan S. Rd., Taipei 100, Taiwan. Tel.: 886-2-23123456; Fax: 886-2-
23957801; E-mail: fangjen@ntu.edu.tw.

® Recipient of a Canadian Institutes of Health Research New Investigator
Award and currently holds a Fonds de la Recherches en Santé du Québec
Junior 2 career award. To whom correspondence may be addressed: Insti-
tut de Recherches Cliniques de Montréal, 110 Avenue des Pins Ouest, Mon-
tréal, PQ H2W 1R7, Canada. Tel.: 514-987-5647; Fax: 514-987-5624; E-mail:
jean-francois.cote@ircm.qc.ca.

NOVEMBER 11,2011 +VOLUME 286 +NUMBER 45

acts as a membrane localization signal for ELMO. In addition,
we report that membrane targeting of ELMO via Arl4A pro-
motes cytoskeletal reorganization including membrane ruffling
and stress fiber disassembly via an ELMO-DOCK1800-Rac sig-
naling pathway. We conclude that ELMO is capable of interact-
ing with GTPases from Rho and Arf families, leading to the con-
clusion that ELMO contains a versatile RBD. Furthermore, via
binding of an Arf family GTPase, the ELMO-DOCK180 is
uniquely positioned at the membrane to activate Rac signaling
and remodel the actin cytoskeleton.

An elaborate cast of players is directed to coordinate Rho
GTPase signaling during numerous basic biological processes
such as cell migration, polarity, and adhesion. The evolution-
arily conserved family of DOCK proteins mediates guanine
nucleotide exchange on a subset of these Rho GTPases to con-
trol active remodeling of the actin cytoskeleton (1). Among the
11 mammalian proteins, DOCKI1 (also known as DOCK180)
through DOCK5 and DOCK?9 through DOCK11 are character-
ized as specific activators of Rac and Cdc42 GTPases, respec-
tively (1, 2). Deviants of the distinctive Dbl Homology-Pleck-
strin Homology region (DH-PH) family of Rho GEFs,® the
DOCK proteins rely on the DOCK homology region-2 for gua-
nine nucleotide exchange activity and a lipid-binding DOCK
homology region-1 for membrane targeting (3-5).

Amid the DOCK proteins, the CDM members (Caenorhab-
ditis elegans Ced-5, Drosophila Myoblast City, and mammalian
DOCK1/2/5) have been reported to regulate a number of Rac-
dependent biological events including cell migration, cell polar-
ization, myoblast fusion, and engulfment of apoptotic cells
(6-11). The interaction of DOCK180 with various proteins is
critical in regulating Rac signaling. ELMO family members are
established binding partners of DOCK180, and genetic analyses

© The abbreviations used are: GEF, guanine nucleotide exchange factor; RBD,
Ras-binding domain; ELMO, engulfment and cell motility.
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in worms and flies suggest that ELMO is crucial for the biolog-
ical functions of DOCK180 (1, 2). Likewise, cell biology studies
in mammalian cells suggest that disrupting the ELMO-
DOCKI180 interaction blocks signaling from this complex
(12, 13).

ELMO proteins exist in a repressed state. Our recent work
identified an autoinhibitory switch in ELMO occurring through
three previously uncharacterized protein modules: a Ras-bind-
ing domain (RBD), ELMO inhibitory domain, and ELMO auto-
regulatory domain (14). De-regulation of ELMO autoinhibition
promotes DOCK180- and Rac-dependent cell elongation and
migration, highlighting the importance of tight conformational
control of ELMO (14).

Because of its ability to interact with membrane-localized
and signaling proteins, the N terminus of ELMO is a strong
candidate for proper targeting of the GEF, DOCK180 (15-18).
Indeed, a functional RBD in ELMO is required for membrane
targeting upon integrin engagement (14). The RBD of ELMO
proteins recognize GTP-loaded RhoG, and this interaction
recruits ELMO-DOCK180 to the membrane to induce Rac-de-
pendent cytoskeletal changes (17, 19-22). However, a later
study demonstrated that RhoG is not required for integrin-
mediated Rac signaling and motility (23), implying that addi-
tional proteins may bind the ELMO RBD to target the protein
to the membrane. It is evident that understanding the molecu-
lar events that regulate ELMO-DOCK180 recruitment to the
membrane is an important area of investigation to fully com-
prehend how these proteins are controlled.

This study aimed to identify novel ELMO-interacting pro-
teins to define the molecular events capable of controlling
ELMO recruitment to the membrane. Using two complemen-
tary approaches, we identified an Arf-related GTPase, Arl4A, as
anovel ELMO binding partner and membrane recruitment sig-
nal. Moreover, ELMO localization via Arl4A promoted cyto-
skeletal reorganization via an ELMO-DOCK180-Rac signaling
pathway. Our data reveal that the ELMO N terminus has the
ability to interact with GTPases from Rho and Arf families lead-
ing to the conclusion that ELMO contains a versatile RBD. To
our knowledge, this is the first study to identify a RBD with dual
specificity for Rho and Arf family GTPases.

EXPERIMENTAL PROCEDURES

Antibodies, Cell Culture, and Transfections—The following
antibodies were obtained commercially: anti-DOCK180 (C-19,
H-4, and H-70) and anti-Myc (9E10) were from Santa Cruz
Biotechnologies, anti-Rac was from Millipore, and anti-FLAG
M2 and anti-FLAG-M2-HRP were from Sigma. The Arl4A
antibody was described previously (24). HEK293T and HeLa
cells were cultured in DMEM supplemented with 10% fetal
bovine serum, penicillin, and streptomycin (Invitrogen). The
cells were transfected by calcium phosphate or Lipofectamine
2000 (Invitrogen) using standard procedures. Biochemical and
cell biological studies were performed 24-48 h after
transfection.

Plasmid Constructs—pCNX2 FLAG-DOCK180 was a gift
from M. Matsuda (Kyoto University, Kyoto, Japan). pcDNA3.1
Myc-ELMO1 was previously described (3). Plasmids coding for
Myc-ELMO1 proteins (residues 1-113 and 212-727) were gen-
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erated by PCR and cloned into the BamHI/Xhol sites of
pcDNA3.1Myc. The yeast constructs for ELMO1 (WT and res-
idues 1-113, 1-212, 1-315, 1-495, 315-727, 212-727, 113-
727, A114-524, A213-524, and A310—492) were generated via
PCR and cloned into the BamHI/Xhol sites of pEG202 (LexA
tagged vector (gift from Dr. J. Archambault, Institut de Recher-
ches Cliniques de Montréal, Montreal, Canada)). Myc-
ELMO1'~2!2 1434 has been described previously (14). FLAG-
Arl4A™" was generated via PCR and cloned into the EcoRl/
Xhol sites of the pcDNA-FLAG vector. FLAG-Arl4A<”°" and
FLAG-Arl4A™3*N were generated via site-directed mutagene-
sis. Arl4A-3XFLAG was generated via PCR and cloned into the
Kpnl/BamHI sites of the p3XFLAG-CMV-14 vector.
Arl4A°L-3XFLAG and Arl4A™**N-3XFLAG were generated
via site-directed mutagenesis. Nontagged ARL4A (WT, T34N,
and Q79L) constructs have been described previously (24). The
yeast constructs of Arl4 (Arl4AY7T, Arl4A™3*™™, and Arl4A "%,
ArlACYT,  Arl4CTN) and  ArldC7%Y;, and  Arl4DYT,
ArlaDT3*N, and Arl4D?®") were generated via PCR and cloned
into the EcoRI/Xhol sites of pJG4 —5alt (B42-tagged vector (gift
from Dr. J. Archambault)). pJG4 —5alt-Arl4A"*** was gener-
ated via site-directed mutagenesis.

Construction of an Activated GTPase Library—Sequences
coding for all members of Rho, Ras, and Arf families (84
GTPases) were retrieved via PubMed. cDNAs coding for these
Rho, Ras, and Arf subfamily members, in their constitutively
active forms, were generated by gene synthesis and cloned in
pUC57 (GenScript). AttB sites were added at both ends of the
gene coding for the GTPases to enable use in the Gateway sys-
tem. Each clone was recombined with pPDONR221 to generate a
collection of 84 GTPases in an ENTRY vector. Site-specific
recombination was used to generate the yeast two-hybrid com-
patible plasmids pJG4—5alt-GTPase (84 of Ras superfamily
members). The pJG4-—5alt-ccdB plasmid used for the LR
recombination was constructed as follows: a DNA fragment
coding for the ccdB protein and flanked with attR sites was
generated by PCR and cloned into the EcoRI/Xhol sites of
pJG4 —5alt.

Immunoprecipitation and GST Fusion Protein Pulldowns—
Immunoprecipitation and pulldown experiment protocols
have been described previously (12). Briefly, the cells were lysed
for 10 min in a buffer consisting of 50 mm Tris-HCI, pH 7.5, 150
mMm NaCl, 1% Nonidet P-40, and 1X Complete protease inhib-
itor (Roche). For immunoprecipitation, clarified cell lysates
were incubated with the appropriate antibody, and immune
complexes were allowed to form for 1 h at 4 °C. Protein A-Sep-
harose was added for 30 min to isolate the immune complex.
For cross-linking prior to immunoprecipitation, the cells were
treated with DSP (2 mm) (Pierce) for 30 min according to the
manufacturer’s instructions. For GST fusion protein pull-
downs, the GST fusion proteins were expressed in bacteria and
purified on glutathione-Sepharose 4B according to the manu-
facturer’s instructions (Amersham Biosciences). Equal
amounts of the various GST fusion proteins bound to glutathi-
one-Sepharose 4B were next incubated with cell extracts (500
pg of protein/condition). In both types of assays, the beads were
washed three times with lysis buffer, and the bound proteins
were analyzed by SDS-PAGE and immunoblotting.
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Yeast Two-hybrid Interaction Assay—Two separate screens
were performed to identify ELMO-binding partners. First, a
yeast two-hybrid screen was performed by Hybrigenics Services
(Paris, France) using full-length ELMOL1 as a bait to probe an
embryonic mouse brain cDNA library. More specifically, the
coding sequence for full-length mouse ELMO1 (GenBank™
accession number gi: 17933765) was PCR-amplified and cloned
into pB27 as a C-terminal fusion to LexA (N-LexA-ELMO1-C).
The construct was checked by sequencing the entire insert and
used as a bait to screen a random-primed mouse embryo brain
¢DNA library constructed into pP6. pB27 and pP6 derive from
the original pBTM116 (25) and pGADGH (26) plasmids,
respectively. 83 million clones (8-fold the complexity of the
library) were screened using a mating approach with Y187
(mata) and L40AGal4 (mata) yeast strains as previously
described (27). 252 His+ colonies were selected on a medium
lacking tryptophan, leucine, and histidine. The prey fragments
of the positive clones were amplified by PCR and sequenced at
their 5" and 3’ junctions. The resulting sequences were used to
identify the corresponding interacting proteins in the Gen-
Bank™ data base (NCBI) using a fully automated procedure. A
confidence score (predicted biological score) was attributed to
each interaction as previously described (28).

Second, a yeast two-hybrid screen was developed to specifi-
cally interrogate ELMO/GTPases interactions using the collec-
tion of activated Ras GTPases generated in our lab (for more
details, see “Construction of an Activated GTPase Library”
under “Experimental Procedures”). Yeast two-hybrid experi-
ments were performed as previously mentioned (14).

Cell Spreading and Colocalization Assay—For the cell
spreading assay on fibronectin, HeLa cells transfected with the
indicated plasmids were subject to cell morphology as previ-
ously described (4). Briefly, the cells were transfected with the
indicated plasmids and serum-starved (0.5% FBS) overnight.
The cells were gently detached (0.01% trypsin and 5 mm EDTA
in Hanks” balanced solution) and washed in DMEM supple-
mented with 0.5% BSA, and 40,000 cells were then allowed to
spread for the indicated time (50 min or 2 h) before fixing with
4% paraformaldehyde. The cells were permeabilized with 0.2%
Triton X-100 in PBS and blocked in PBS-1% BSA prior to stain-
ing with DAPI and phalloidin. The remainder of the cells was
lysed to verify the expression levels of the exogenous proteins
by Western blotting. For colocalization assays, experiments
were performed as previously described (14). Statistical differ-
ences between groups of data were analyzed using an analysis of
variance test and Bonferroni’s multiple comparison procedures
(minimum of n = 3).

Stress Fiber Disassembly Assay—Stress fiber disassembly
assays were performed as previously described (24). Statistical
differences between groups of data were analyzed using Stu-
dent’s £ test.

PAK Pulldowns—PAK-PBD pulldown assays were per-
formed as previously described (12).

RESULTS
An Arf-related GTPases, Arl4A, Binds the ELMO1 RBD—We

previously reported that the formation of an ELMO-DOCK180
complex is essential for Rac GTP-induced cytoskeletal changes
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but not for Rac GTP-loading per se, the latter being solely
dependent on the intrinsic GEF activity of DOCK180 (12). Our
recent data also highlighted that the RBD of ELMO is essential
for targeting ELMO to the membrane upon integrin activation
(14). These results suggested that additional GTPase(s) might
bind the RBD. To further explore the molecular events regulat-
ing the localization of ELMO at the membrane, we undertook
two independent but complementary approaches to identify
novel partners of ELMOL. First, using ELMOL1 as bait in a yeast
two-hybrid system, we scanned an embryonic mouse brain
c¢DNA library. Second, we investigated specifically whether
ELMO can interact with additional GTP-loaded GTPases. To
do so, we constructed a library of the superfamily of Ras
GTPases in their active conformation (see “Experimental Pro-
cedures” and supplemental Fig. S1 and Table S1). We individ-
ually tested the ability of all Rho, Ras, and Arf GTPases (84
members) to interact with ELMO in a yeast two-hybrid assay.
The combination of these experiments confirmed active RhoG,
DOCK proteins (DOCK1-DOCKS5), and BAI family receptors
(BAI1 and BAI3) as known ELMO binding partners. Interest-
ingly, our two approaches also converged on Arl4A, a small
GTPase of the Arf family, as a putative novel ELMO interactor.
The Arf family member, Arf6, is heavily implicated in cytoskel-
etal reorganization via numerous signaling events (8, 24,
29 -31). One such pathway places Arf6 upstream of DOCK180
and ELMO and ensuing Rac activation and signaling (8). How-
ever, the exact mechanism by which Arf6 controls ELMO-
DOCK180-mediated Rac signaling is unclear. Arl4A belongs to
the large family of Arf-related proteins. The Arl4 family con-
sists of three closely related members: A, C, and D (32). Unlike
the other members of this family, Arl4s are preferentially GTP-
loaded because of their weak affinity for nucleotides and there-
fore exhibit high spontaneous nucleotide exchange rates (33).
Recent reports suggest that Arl4s are involved in cytoskeletal
rearrangement through their ability to bind the Arf6 guanine
exchange factor, ARNO, and localize it to the cell periphery for
Arf6 activation (24, 30).

We used the yeast two-hybrid system to verify which iso-
forms of Arl4s interact with ELMO proteins. Using ELMO1 as
bait revealed specificity for the Arl4A protein because no inter-
action was noted for Arl4C or Arl4D (Fig. 1A). Moreover,
ELMOL1 binding to Arl4A was nucleotide state-dependent, with
ELMOL1 selectively interacting with the WT and constitutively
active (Q79L) forms but not with dominant negative (T34N)
Arl4A (Fig. 1A). To validate these results in a mammalian cell
context, we coexpressed Myc-ELMO1 with the WT, Q79L, and
T34N forms of Arl4A in 293T cells. Similar to what was
observed in yeast, specific interaction between ELMO1 and
both Arl4A™™ and Arl4AQ7°" was observed (Fig. 1B). Finally,
we could generalize the binding of Arl4A to all isoforms of
ELMO because we found a specific interaction in coimmuno-
precipitation between Arl4A¥" and Myc-ELMO1, Myc-
ELMO?2, and Myc-ELMO3 (Fig. 1C).

To map the active ELMO1 binding interface for Arl4A, we
used a panel of ELMOL1 truncation mutants (Fig. 24) in the
yeast two-hybrid system. Our data suggest that the first 113
amino acids of ELMOL1 is the smallest fragment with the ability
to complex with Arl4A (Fig. 2B). Similarly, a deletion of the first
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FIGURE 1. Arl4A is a novel ELMO-interacting partner. A, Arl4A"T and Arl4A%7°" interact with ELMOT1 in a yeast two-hybrid system. Yeast strain EGY48
cotransformed with LexA BD fusion construct of ELMO1 and the B42 fusion constructs of the indicated Arl4s were grown on selective (—histidine, —trypto-
phan, —leucine) and nonselective (—histidine, —tryptophan) medium for a nutrient selective growth assay. B, Arl4A and ELMOT1 interact in vivo in cells.
HEK293T cells transfected with the indicated plasmids were subjected to a cross-linker, lysed, and immunoprecipitated (/P) with an anti-Myc antibody (ELMO1).
Immunoblot analysis using anti-Myc and FLAG-HRP antibodies established the coprecipitation of ELMO and Arl4A proteins. C, Arl4A interacts with all forms of
ELMO. HEK293T cells transfected with the indicated plasmids were cross-linked, lysed, and immunoprecipitated with an antibody against the Myc epitope
(ELMO1-3). The coprecipitation of the various ELMO proteins and Arl4A was analyzed viaimmunoblotting with anti-Myc (ELMO1-3) and anti-FLAG-HRP (Arl4A)

antibodies, respectively. TCL, Total Cell Lysate.

113 amino acids was sufficient to abrogate binding of ELMO1
to Arl4A (Fig. 2B). Moreover, we also found that ELMO1'~''3
was sufficient to bind Arl4A in 293T cells (Fig. 2C). A mutant of
ELMOL1 lacking the first 113 amino acids was difficult to
express, but we could demonstrate that the first 212 amino
acids of ELMO1 are required for interacting with Arl4A
because ELMO1?'*77%” is unable to coprecipitate Arl4A (Fig.
20).

Our discovery that the Arl4A-binding site encompasses the
ELMO RBD led to the following possibility: similar to active
RhoG, Arl4A may also have specific affinity for this protein
module. Our prior findings disclosed ELMOL1 residue leucine
43 as the cornerstone for forging the ELMO1 RBD/RhoG-GTP
contact (14). In a yeast two-hybrid assay, we found that
both Arl4AYT and Arl4AR”°" were unable to interact with
ELMO1'72!2 434) i comparison with its wild-type counter-
part (Fig. 2D). Our data identifies, for the first time, an RBD
with the ability to interact with both Rho and Arf family
GTPases and supports the notion that the ELMO RBD may
have the potential to attract GTPases of different families.

Arl4A Targets ELMO to the Membrane—Our results are con-
sistent with the model that Arl4A interacts with the RBD of
ELMO proteins to favor membrane recruitment. RhoG was
previously reported to activate the ELMO-DOCK180 pathway
by localizing ELMO to the membrane in a manner dependent
on its nucleotide state (22). To test whether Arl4A also pro-
motes membrane recruitment of ELMO1, we analyzed the cel-
lular distribution of ELMOL1 in cells expressing the various
forms of Arl4A (WT, Q79L and T34N). Although Myc-ELMO1
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alone is cytoplasmic, coexpression with WT and active Arl4A
led to its membrane recruitment (Fig. 3). Arl4A™>*N displayed a
punctate staining in cells and, when expressed with ELMO1,
did not redistribute ELMO to the cell periphery (Fig. 3, see
figure legend for more details on the scoring system). More-
over, the Arl4A binding-defective mutant of ELMO
(ELMO1“***) was unable to localize to the cell periphery and
instead demonstrated a diffuse cytosolic expression when coex-
pressed with Arl4A?”°" (Fig. 3). The specificity of ELMO bind-
ing to Arl4A was further demonstrated by colocalization exper-
iments revealing that ELMO1 does not colocalize at the
membrane with either Arl4C?7?" or Arl4D?®", with these cells
showing less membrane ruffles (Fig. 3). We additionally
observed that although Arl4D has been noted to induce mem-
brane protrusions in COS-7 cells (24), in our hands, Arl4D in
HeLa cells does not extensively promote lamellipodia-like
structures, suggesting that the effect of Arl4 proteins on mem-
brane remodeling may be context-dependent. This suggests
that ELMO proteins are bona fide effectors of active Arl4A and
act by localizing ELMO-DOCK180 to the membrane for poten-
tial Rac activation.

Arl4A Induces Actin Cytoskeleton Remodeling in an Arf6-in-
dependent Manner—Previous studies demonstrated that acti-
vated Arl4A, C, and D could recruit ARNO GEFs to the mem-
brane (24, 30). Arl4D was studied in more detail and was
reported to induce actin stress fiber disassembly through an
ARNO-Arf6 dependent pathway (24). Independent work also
reported that the ARNO-Arf6 pathway might facilitate mem-
brane recruitment of ELMO-DOCK180 and promote Rac-de-

VOLUME 286-NUMBER 45-NOVEMBER 11, 2011



Arl4A Interacts with the RBD of ELMO

A B B42 LexA
_Ar4A | ELMO1

>
®
-

+Leu

eLmo1'727 W [EEEEIETNE =+

Q7oL 1.727
ELMO1315-727 ewm [arn |ERER Q7oL 315-727
ELMO1212:727 En) ELm [ aPH Im Q79L 212-727
ELMO1113-727 [(EDEED }@m Q79L 113-727
ELMO14213524 &)~ Q7oL |a213-504
EEMO$=E @ Q7oL [A310-492
ELMO11495
ELMO11315 o o
ELMO1'212 are e
ELMO1™113 sk 1212

a

b4

Q79L 1-113
(o3 +Arl4AWT +Arl4AWT D
N N
N N
N - ] =4
- &L - 82 B2l Lexh 8 3
o O O O O O 1-212
- 2 2 =2 -2 2 2 Arl4A|ELMO1 + '
1 | e | - | - -
w wow w wow
- -

Q79L| L43A

19(LC) ——>—|

IP: anti-Myc (ELMO1)
Blot: anti-Myc (ELMO1)

TCL 10% input
| 15 Blot: anti-Myc

q (ELMO1)

FIGURE 2. Arl4A binds the ELMO1 RBD through a key evolutionarily conserved RBD residue. A, schematic representation of ELMO1 deletion mutants used
in yeast two-hybrid experiments. B, the ELMO1 N terminus is required for Arl4A binding. Yeast strain EGY48 cotransformed with LexA BD fusion construct of
ELMO1"T and deletion mutants, and the B42 fusion constructs of the indicated Arl4As were grown on selective (—histidine, —tryptophan, —leucine) and
nonselective (—histidine, —tryptophan) medium for a nutrient selective growth assay. C, the Arl4A-ELMO?1 interaction in cellulo requires the ELMO1 RBD.
HEK293T cells transfected with the indicated plasmids were cross-linked, lysed, and immunoprecipitated (/P) with an antibody against the Myc epitope
(ELMOT1). The coprecipitation of the various ELMO1 proteins and Arl4A was analyzed via immunoblotting with anti-Myc (ELMO1) and anti-FLAG-HRP (Arl4A)
antibodies, respectively. D, mutation of a key conserved residue in the ELMO RBD (L43A) abolishes Arl4A binding. Yeast strain EGY48 cotransformed with LexA
BD fusion construct of ELMO1"" and ELMO1-*** and the B42 fusion construct of Arl4A™T were grown on selective (—histidine, —tryptophan, —leucine) and
nonselective (—histidine, —tryptophan) medium for a nutrient selective growth assay.

, - , wr | wr
IP: anti-Myc (ELMO1) 25 TCL 10% input
Blot: FLAG-HRP (Arl4A) Blot: FLAG-HRP
(Arl4A) WT L43A
ELMO|212-727 —75
—
] - ore T
-

pendent migration (8). Similar to what was reported for expres-  (Fig. 4D). In addition, by using the pSUPER RNAI system,
sion of Arl4D?®°" in HeLa cells, we found that both Arl4A™"  down-regulation of Arl4A levels with a specific Arl4A shRNA
and Arl4A?°™ promotes actin stress fiber disassembly, decreased the level of active Rac when compared with HeLa
whereas this was not observed for Arl4AT**N (Fig. 44). Addi- cells transfected with a control vector (supplemental Fig. S3).
tionally, Arl4A™" and Arl4AQ7°", but not Arl4A™**N, induced  Cells treated with shRNA against Arf6 did not lead to decreased
cell spreading compared with control cells (Fig. 4B). In contrast ~ active Rac levels. Interestingly, Hu et al. (34) demonstrated that
to what was observed with Arl4D (24), coexpression of active Arf6é promotes Racl activation through a complex with
Arf6™"N did not fully block Arl4A-induced stress fiber disas- IQGAPI1 in metastatic glioma cells. Depletion of Arf6 sup-
sembly (Fig. 4C). Furthermore, compared with exogenous pressed Racl activation when cells were stimulated with hepa-
expression of Arl4AT*™, Arl4A¥™T expression in Arf6-depleted  tocyte growth factor or FBS, resulting in cell migration defects
HelLa cells demonstrated actin stress fiber disassembly (supple-  (34). However, this study also indicated that the mechanism of
mental Fig. S2). These results suggest that Arl4A may have an  Arf6-dependent Racl activation is cell type- and stimulus-de-
alternative pathway to regulate remodeling of the actin pendent (34). In support of this, another study reported that in
cytoskeleton. stimulated HEK293 cells stably expressing angiotensin type I

We next investigated whether Arl4A can regulate localiza- receptor, depletion of Arf6 increased basal Rac1 activation (35).
tion and activity of Rac in HeLa cells. We found that exogenous  Our results suggest that, at least in this context, Rac activation is
Arl4AQ7°" colocalizes with GFP-Racl in HeLa cells (Fig. 4D).  Arf6-independent (supplemental Fig. S3). Together, these
Moreover, we noted a more cytosolic distribution of GFP-Racl  results suggest that active Arl4A can impact the actin cytoskel-
with a marked decrease in membrane protrusiveness in cells eton, Rac localization, and Rac GTP loading in an Arf6-inde-
coexpressing Racl and dominant negative Arl4A (Arl4A™**N)  pendent manner.
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FIGURE 3.ELMO1 colocalizes with Arl4A at membrane protrusions. Transfected HeLa cells were fixed, permeabilized, and labeled with anti-FLAG M2 (Arl4A)
and anti-ELMO antibody and analyzed by confocal microscopy. Coexpression of Arl4A°7?"-FLAG with Myc-ELMO1"T promotes membrane ruffling and local-
ization of ELMO1 to membrane protrusions, whereas Myc-ELMO1%** does not colocalize with Arl4A%7°" at membrane ruffles. The images shown are repre-
sentative of multiple cells of three independent experiments. Quantification of colocalization of variants of both Arl4 with ELMO?1 at peripheral membrane
ruffles. Experiment was performed in triplicate, and at least 20-30 cells were analyzed for each condition. The data in the graph represent one of three
experiments, where a score of 0 (no colocalization) to 1 (complete colocalization) grades each cell. Cells showing minimal colocalization in few membrane
ruffles were scored as 0.5 (indicating some partial colocalization). Scale bar, 20 um.

Arl4A-mediated Actin Cytoskeleton Reorganization Occurs
through ELMO-DOCK180 and Rac—To investigate whether
Arl4A modulates the actin cytoskeleton via an ELMO-
DOCK180-Rac signaling pathway, we first tested whether
Arl4A/ELMO can enter into a trimolecular complex with
DOCK180. We found that Arl4A, alongside ELMO1, can be
specifically coprecipitated with DOCK180 (Fig. 54). Next, we
examined whether the ELMO1-DOCK180-Rac signaling path-
way mediates ARL4A signaling. In an integrin-independent cell
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spreading assay, we found that overexpression of ARL4A
results in an increase in cell spreading as compared with control
cells (Fig. 5B). Although coexpression of ARL4A with
ELMO1WT did not affect cell size, cells coexpressing ARL4A
and ELMO1°NP>® (3 DOCK180 binding-defective mutant
(12)) display a distinct reduction in cell spreading comparable
with mock-treated cells (Fig. 5B). Moreover, to test the role of
Rac and ELMOL1 in Arl4A-mediated cytoskeleton rearrange-
ments, we developed an assay implicating HeLa cell spreading
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FIGURE 4. Arl4A induces cytoskeletal changes in an Arf6-independent manner. A, overexpression of Arl4A"T and Arl4A%7°" alters actin structure in Hela
cells, but Alr4A™*N does not. Wild-type and active Arl4A were overexpressed in Hela cells and stained for Arl4A (red) and phalloidin (green) using anti-Arl4A and
Fluor 488 phalloidin, respectively. The bar chart indicates quantification results for each condition. The area of each cell was delineated, and the average
fluorescence intensity of Fluor 488 phalloidin was measured in pixels using ImageJ (National Institutes of Health). More than 40 cells were assessed in each
experiment, and the data are the means = S.E. of at least triplicate experiments. Student’s t test was performed to compare each condition (**, p < 0.01). Scale
bar, 10 um. B, expression of Arl4A"T and ARL4A?”°" promotes cell spreading on fibronectin. For quantification, the area of each cell was delineated, and more
than 40 cells were estimated for each condition using ImageJ. The box plot shows the distribution of cell size for each condition. Student’s t test was performed
to compare each condition (**, p < 0.01). C, coexpression of dominant negative Arf6 (Arf6"2’™) with Arl4A"T or Arl4A?”°" does not fully hinder actin cytoskeletal
reorganization. Hela cells were cotransfected with Arf6™”N and either Arl4A"T or Arl4A97°", Transfected cells were fixed and stained with anti-Arl4A and
anti-Arf6 antibodies. Scale bar, 10 um. D, ARL4AAYT and Arl4A°7°" colocalize with GFP-Rac1*" at membrane ruffles. Arl4A™*N fails to relocalize GFP-Rac1*" and
to promote membrane ruffles. Transfected cells were fixed and stained with anti-Arl4A.

on fibronectin. Although Arl4A™*N did not affect HeLa cell 44-50% of the cells expressing the active GTPases (WT or
morphology, two major phenotypes were identified in Q79L) displayed: (i) formation of neurite-like extension or (ii)
Arl4AYT and Arl4AY®" spreading cells. We found that membrane ruffles. In cells showing a phenotype, the neurite-
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FIGURE 5. Arl4A induces cellular protrusions through an ELMO-DOCK180-Rac signaling module. A, ELMO is the common denominator for DOCK180-
ELMO1-Arl4A trimeric complex formation. HEK293T cells transfected with the indicated plasmids were subject to a cross-linker, lysed, and immunoprecipitated
(IP) with H-70 (DOCK180). The coprecipitation of DOCK180, ELMO1 WT and mutants, and Arl4A was analyzed via immunoblotting with anti-H-70 (DOCK180),
anti-Myc (ELMO1), and anti-FLAG-HRP (Arl4A) antibodies, respectively. B, Arl4A signaling induces cell spreading through an ELMO-DOCK180 pathway. Hela
cells transfected with the indicated plasmids were fixed and stained with anti-Arl4A and anti-Myc antibodies (ELMO1). The box plot shows the distribution of
cell size for each condition. The size of more than 20 transfected cells for each condition was measured by ImageJ (*, p < 0.05). C, quantification of the effect
on cell morphology in response to overexpression of Arl4A and other proteins. Hela cells were transfected with the indicated plasmids, and cell morphology
was analyzed by fluorescence microscopy. Several independent fields were photographed at a magnification of 40X, and cells were scored for two pheno-
types: spread (clearly spread and flat cells) and spread with protrusions (subdivided into (i) protrusive and (ii) neurite-like elongated cells). For each condition,
>35 cells were measured. Analysis of variance tests and Bonferroni’s multiple comparison was performed to compare each condition (¥, p < 0.05; error bars
represent S.E., n = 3). Scale bar, 20 um.

like phenotype is less frequent and is observed in 10-15% of the  nonprotrusive phenotype (Fig. 5C). We next tested whether
cells. Therefore, for quantification purposes, these two pheno-  Arl4A is mediating cytoskeletal changes via ELMO and Rac.
types were pooled and termed “protrusive” (Fig. 5C). In con- Coexpression of either a dominant negative Racl or ELMO1
trast, dominant negative Arl4A-expressing cells looked identi- lacking Arl4A binding activity (ELMO1*'*~7?” or ELMO1"*34)
cal to control cells with the majority of cells displaying a spread, ~ with Arl4AY™ prevented cytoskeletal reorganization in HeLa
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FIGURE 6. Hindrance of the Arl4A-ELMO1 complex reduces stress fiber disassembly. A, coexpression of Myc-ELMO1"" and Arl4A™" reduced F-actin
intensity, indicating stress fiber disassembly, whereas coexpression of Myc-ELMO1-*** and Arl4A"" did not induce substantial stress fiber disassembly.
Quantification of average fluorescence intensity of F-actin in cells expressing the indicated plasmids. Student’s t test was performed to compare each condition
(**, p < 0.01). B, hindrance of the Arl4A-ELMO complex reduces stress fiber disassembly. There are three different filamentous actin morphologies: (i) normal
(long thick actin fibers), (ii) thin (thinner but ordered actin fibers), and (iii) disrupted (disordered thin actin fibers). Quantification of cells with different actin
morphologies is shown. Hela cells transfected with the indicated plasmids were fixed, and filamentous actin was visualized with FITC-phalloidin. ARL4A-
expressing cells show thin-to-disrupted actin morphologies, with coexpression of ELMO1"" but not ELMO1*# increasing the percentage of cells exhibiting

disrupted actin morphology. For each condition, more than 60 cells were analyzed.

cells (Fig. 5C). Together, these results suggest that the ELMO-
DOCK180-Rac pathway mediates Arl4A-induced remodeling
of the actin cytoskeleton.

Additionally, we used a stress fiber disassembly assay to
examine the contribution of ELMO1 during Arl4A-induced
cytoskeletal rearrangement. Expression of either Arl4AY™ or
ELMO alone promoted actin fiber disassembly. However, coex-
pression of ELMO1 and Arl4A™" led to a maximal decrease in
stress fiber formation (Fig. 6A4). Importantly, an ELMO1
mutant defective in Arl4A binding, ELMO1“***, was unable to
synergize with Arl4A in actin stress fibers disassembly (Fig. 64).
For further quantification, we classified the actin morphology
into three groups: normal (long thick actin fibers), thin (thinner
but ordered actin fibers), and disrupted (disordered thin actin
fibers) (Fig. 6B). Compared with untreated cells, HeLa cells
expressing ARL4A resulted in thin-to-disrupted morphologies.
Coexpression of ELMO1Y? but not ELMO1**3** increased the
percentage of cells exhibiting disrupted actin morphology (Fig.
6B). These results highlight the importance of Arl4A binding
via the ELMO RBD for ELMO-induced restructuring of the
actin cytoskeleton, possibly via the DOCK180-Rac pathway.

DISCUSSION

The role of ELMO during DOCK180-induced Rac signaling
and cellular restructuring is not completely understood. Our
recent work demonstrated that ELMO, via intramolecular
interactions between its newly identified ELMO inhibitory
domain and ELMO autoregulatory domain regions, exists as an
autoinhibited molecule at basal level. Cell stimulation leads to
RBD engagement, and signaling for (i) membrane localization
of ELMO-DOCK180-mediated Rac signaling and/or (ii) auto-
inhibition relief (14). In the present study, we identify the RBD
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of ELMO as a versatile GTPase-binding region capable of inter-
acting with different Ras GTPase family members. Although it
was well known that ELMO has the ability to bind active RhoG
through its extreme N terminus, our recent work revealed that
the minimal RhoG binding site was an evolutionarily conserved
RBD (14). The work from the present study identifies Arl4A, a
member of the Arf subfamily of Ras GTPases, as a novel ELMO
RBD binding partner, and the evolutionarily conserved feature
of the GTPase-ELMO interaction is demonstrated by critical
point mutation of a conserved residue in the ELMO RBD. This
discovery opens up a gateway of possibilities where various Ras
superfamily GTPases may converge to regulate ELMO mem-
brane localization and/or relief of ELMO autoinhibition. Sur-
prisingly, our data from a systematic screen of the Rho, Ras, and
Arf superfamily of GTPases only uncovered Arl4A, apart from
the already established active RhoG, as a novel ELMO interac-
tor (supplemental Fig. S1).

Membrane Targeting of the DOCKI80-ELMO Complex—
Targeting of the ELMO-DOCK180 complex to the membrane
may be fine tuned by various inputs. Although initial studies
pointed to a role for the pleckstrin homology domain of
ELMO as being instrumental for the targeting of the ELMO-
DOCK180 complex to the plasma membrane, we uncovered
that the ELMO pleckstrin homology domain displays no
such activity (12). Membrane targeting of this complex has
also been attributed to the lipid binding properties of the
DOCK homology region-1 of DOCK180 (4). Also, the local-
ization of DOCK2 to the neutrophil pseudopod requires
sequential binding of two signaling lipids: first a global
recruitment to the membrane via the DOCK homology
region-1 domain engaging phosphatidylinositol-3,4,5-phos-
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phates, followed by polybasic region binding to phosphatidic
acid (36). Further studies are required to expose whether
localization of DOCK180 can be regulated in a similar man-
ner. Additionally, adaptor proteins such as CrkII and Nck
associate with DOCK180 and may contribute to the localiza-
tion of the GEF-ELMO complex.

The functional importance of the N terminus of ELMO1 for
ELMO-DOCK180 subcellular localization has been previously
noted (14, 17, 18). Now, with the discovery of Arl4A as a novel
binding partner of the ELMO RBD, our study demonstrates for
the first time a RBD that can bind both a Rho and Arf family
GTPase. The Arl4 proteins (Arl4A, Arl4C, and Arl4D) have
recently emerged as important cytoskeletal regulators. In terms
of structure, these three proteins are similar to other Arf family
members yet are unique by virtue of a short basic extension at
the C terminus (37). Interestingly, the N-terminal amphipathic
helices of the Arl4 proteins are shorter and less hydrophobic
than those of other Arf family members. Deletion of the basic
extension in cells results in displacement of Arl4A from the
plasma membrane, advocating that the C-terminal basic exten-
sion may function as a support system for the N-terminal
amphipathic helices and aid in the localization of Arl4 proteins
to membranes (38).

Our findings demonstrate that ELMO1 alone is cytoplasmic,
and coexpression specifically with active Arl4A led to its mem-
brane recruitment to sites of membrane ruffling, whereas
expression with either Arl4C or Arl4D did not induce a protru-
sive phenotype. We therefore propose ELMO proteins as bona
fide effectors of Arl4A that can target the ELMO-DOCK180
module to the membrane for localized Rac activation and
signaling.

Arl4A Induces Cytoskeletal Remodeling through ELMO-
DOCK1I180 and Rac—Our findings support a role for Arl4A in
actin cytoskeleton rearrangement through a pathway that stim-
ulates DOCK180-ELMO-induced Rac signaling. Studies have
already demonstrated that Arl4A and its close relatives Arl4C
and Arl4D promote actin restructuring through recruitment of
ARNO, an Arf6 GEF, to the plasma membrane (24, 30). Inter-
estingly, Arf6 is positioned upstream of Rac activation in vari-
ous biological processes. One model advocates that Arf6 acti-
vation will recruit the DOCK180-ELMO complex to the
leading edge of a cell to promote lamellipodia formation (8, 29,
31). An interesting question that arises is whether there is a
direct interaction between Arf6 and ELMO that guides its
membrane localization. Our investigation found that there is
no evidence for such an interaction, either through yeast two-
hybrid or pull-down assays (supplemental Fig. S1 and data not
shown). Additionally, our studies demonstrate that Arl4A-in-
duced cytoskeletal remodeling occurs via an Arf6-independent
pathway. Intriguingly, this may signify that Arl4A can act as a
central signaling node for two divergent GTPase pathways.

We investigated whether Arl4A can act in a similar manner
to RhoG and promote migration and phagocytosis when coex-
pressed with ELMO. In marked contrast to the RhoG-ELMO
interaction, Arl4A was incapable of synergizing with ELMO-
DOCK180 in both cell migration and engulfment assays (data
not shown). The exact role of the cytoskeleton modification
triggered by Arl4A-ELMO remains to be explored. Interest-
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ingly, these data also suggest the possibility that Arl4A and
RhoG are not located in the same membrane microdomain
because their interaction with ELMO led to different biological
output(s).

In conclusion, we identify a novel RBD in ELMO displaying,
for the first time, selectivity for both Arf and Rho GTPases. In
contrast to the Dia formins, the effector binding to the ELMO
RBD is not proven to be a release mechanism for the autoinhib-
ited ELMO molecule. Rather, similar to the FHOD1 protein,
this signal seems to target ELMO to distinct areas of the plasma
membrane. It will be interesting to investigate whether addi-
tional members of the Ras superfamily, such as Rab proteins,
can bind the ELMO RBD and whether they also act as mem-
brane localization signals and/or relieve ELMO autoinhibition.
It is possible that the ELMO RBD is strictly required for subcel-
lular localization, whereas binding of additional partners at dis-
tinct sites in the protein (i.e. ELMO inhibitory domain or
ELMO autoregulatory domain) acts to release the closed con-
formation of ELMO. The unleashing of ELMO can result in the
exposure of otherwise masked regions of ELMO, such as the
ELM domain. The work from Bowzard et al. (39) demonstrate
that the ELMOD family of proteins display GAP activity on
selected Arf family members, and they attribute this enzymatic
function to the ELM domain. To date, the ELM region of ELMO
has been poorly investigated and has no ascribed function.
Clearly, further studies are required to identify components
that will open up the ELMO molecule and how its hidden
regions contribute toward actin cytoskeleton remodeling.
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