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Abstract
The Arf and Rho subfamilies of small GTPases are nucleotide-dependent molecular switches
that act as master regulators of vesicular trafficking and the actin cytoskeleton organization.
Small GTPases control cell processes with high fidelity by acting through distinct repertoires
of binding partners called effectors. While we understand a great deal about how these
GTPases act individually, relatively little is known about how they cooperate, especially in
the control of effectors. This review highlights how Arf GTPases collaborate with Rac1 to
regulate actin cytoskeleton dynamics at the membrane via recruiting and activating the Wave
Regulatory Complex (WRC), a Rho effector that underpins lamellipodia formation and
macropinocytosis. This provides insight into Arf regulation of the actin cytoskeleton, whilst
putting the spotlight on small GTPase cooperation with emerging evidence of its importance
in fundamental cell biology and interactions with pathogenic bacteria.
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Introduction

The actin cytoskeleton comprises a scaffold of polymeric actin filaments that are assembled
and disassembled to organise cell architecture and direct many cell processes. One of the key
mediators of actin polymerisation is the ubiquitous actin related protein 2/3(Arp2/3) complex,
which itself requires activation by nucleation promoting factors (NPFs). Neural WiskottAldrich syndrome protein (N-WASP) and WASP family verprolin homologue (WAVE) are
the best characterised of these proteins, and their regulation is of considerable importance1.
It is understood that N-WASP exists in an auto-inhibited conformation, with its Arp2/3activating verprolin homology-cofilin-acidic domain (VCA) shielded by the GTPase binding
domain (GBD). Binding of the Rho family GTPase Cdc42 to the GBD releases the VCA
domain, enabling it to bind and activate the Arp2/3 complex2 as indicated in Figure 1 (A).
Conversely despite knowing that the Rho GTPase Rac1 can trigger Wave-mediated Arp2/3
activation for over two decades, the precise molecular mechanism of regulation remains
elusive. WAVE is part of the heteropentameric WRC, comprising of WAVE, Cyfip, Nap1,
Abi1 and HSPC300 or their homologues3. Rac1 has been shown to directly interact with
Cyfip4, 5, however its affinity for the protein is very low (~10 uM), suggesting that additional
factors likely participate in WRC activation. Recent research has identified such factors that
may contribute to WRC regulation6. Activation of immunopurified WRC in vitro required an
electrostatic interaction between the polybasic domain of WAVE and acidic phospholipids
such as phosphatidylinositol (3,4,5) triphosphate (PIP 3), in addition to Rac1 binding7, 8 as
demonstrated in Figure 1 (B). Proteins containing SH3 domains such as the IRSp53, Toca1
and WRP interact with proline rich regions of Abi2 and WAVE, and facilitate membrane
recruitment and activation of the WRC9. Also many transmembrane receptors such as
GPCRs, neuroligins and protocadherins5 have been reported to contain a conserved motif
termed the WRC-interacting receptor sequence (WIRS) that facilitates the recruitment of
2

WRC to the plasma membrane10. WIRS motifs have been demonstrated to directly interact
with a composite surface on Sra and Abi in the WRC, which is unique in that it can only
interact with the fully formed complex. Furthermore, phosphorylation of WAVE by proteins
such as Abl, Src and Cdk5 kinases is believed to be key players in WRC regulation and may
destabilise interactions between the VCA and Sra, promoting activation5, 11.
Recapitulating WRC activation in vitro has uncovered important aspects of its regulation.
Recent efforts modelling WRC activation at phospholipid bilayers showed that Rac1 is
required, but not sufficient for WRC activation in cell-free extracts. The work found an
unexpected requirement for ADP-ribosylation factor12 (Arf) GTPases, further implicating
involvement of these proteins in cytoskeletal regulation, whilst opening up the intriguing
possibility of two GTPases working together to directly modulate a Rho effector.
Arf driven regulation of actin cytoskeleton dynamics
Arf GTPases are best known for their role in membrane trafficking and vesicle sorting13 and,
like other GTPases, Arfs act as molecular switches by shuttling between their active GTPbound and inactive GDP-bound conformations. Hydrolysis of bound GTP is stimulated by
GTPase-activating proteins (GAPs), whereas the exchange of GDP to GTP is mediated by
guanine nucleotide exchange factors (GEFs). The six mammalian Arfs are grouped into three
classes on the basis of sequence homology, Class I (Arfs 1-3), Class II (Arfs 4-5) and Class
III (Arf6). Whilst the class I and II Arfs are primarily localised in and around the Golgi
apparatus14, 15, Arf6 is found predominantly at the plasma membrane and on a subset of
endosomes16.
The involvement of Arfs in actin dynamics has primarily been attributed to their ability to
activate lipid-modifying enzymes, which alter the membrane microenvironment. Arfs are
capable of directly modulating local phosphoinositide synthesis, which has an impact on
various actin regulatory proteins. Arfs have also been implicated in indirect activation of Rho
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GTPases. For example, active Arf6 recruits the bi-partite Rac GEF Dock 180-ELMO17, likely
due to local PI(4,5)P2 generation at on the plasma membrane at the leading edge of a cell,
stimulating Rac activation.
Arf6 may also modulate Rac activity by controlling the availability of lipid raft components18,
due to its role in endosomal recycling, which has been shown to be instrumental in the
attachment and spreading of anchorage-dependent cells. Furthermore, inhibiting the activity
of Arfs has been shown to directly impact Rac-dependent membrane ruffling19,
phagocytosis20 and breast cancer cell migration21.
Arf proteins have also been shown to down-regulate the activity of Rho GTPases. At Golgi
membranes, Arf1 down-regulates Cdc42 activity by recruiting ARHGAP2122,
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, a cdc42

GAP. Another interesting aspect, which further enforces the notion that Arf GTPases
coordinate regulation of actin cytoskeleton, is the interaction between Arf GAPs and Rho
GEFs. The best-known example of this unique mode of actin remodeling is the interaction
between Arf GAP GITI, and -Pix, a Rac GEF. GIT1 forms a complex with -Pix, and
inhibits the activity of Rac1 at the leading edge of cells24, 25.
Arf regulation of the WAVE Regulatory Complex
Despite the plethora of research implicating Arf GTPases in cytoskeletal remodelling there
has been little evidence for their direct interaction with actin regulators such as NPFs. Arf1
has though been implicated in the recruitment of both Rac1 and the WRC component CYFIP
to the trans-golgi network26 (TGN). Here it aids in the generation of AP1-Clathrin coats, also
promoting membrane tubulation as a result of NWASP driven Arp2/3 complex dependent
actin polymerisation. The precise role of Arf in regulating full WRC activation at the plasma
membrane though has not been outlined.
Reconstitution studies in cell-free extracts showed that both PI(4,5)P2 and PI(3,4,5)P3
recruited the WRC and Rac, yet remarkably the WRC was only activated on PI(3,4,5)P312.
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The difference was found to be the activation status of Arf GTPases, which although present
on both lipids, were only GTP-bound (active) on PI(3,4,5)P3. In vitro binding studies with
purified components showed that Rac1 and Arf1 were individually able to bind weakly to
recombinant WRC and poorly activate it, but when both GTPases were anchored at the
membrane, recruitment and concomitant activation of WRC were dramatically enhanced. This
cooperativity between the two GTPases was sufficient to polymerize actin filaments in a
WRC-dependent manner that propelled phospholipid-coated beads through cell-free extracts.
The recruitment and activation of WRC at the membrane is not restricted to Arf1, as the
related Arf5, and Arl1, a distant member of the Arf GTPase family, could also achieve similar
activity. These key findings suggest that the Arf GTPase family have overlapping or partially
redundant functions. Arf6, which is predominantly found to be associated with the plasma
membrane, was also found to regulate actin assembly via the WRC27. Unlike, other Arf
family members, Arf6-mediated actin polymerization was not achieved by direct interaction
with the WRC but instead through recruitment of the Arf GEF ARNO, which acts at the
plasma membrane where it recruits and activates Arf1 to collaborate with Rac1. This
highlights the spatiotemporal coordination between two distinct classes of small GTPase that
underlies actin polymerization at the plasma membrane, as described in Figure 2. This
biochemical work has been reinforced with evidence demonstrating that Arf plays an
important role in WRC regulation in the cell.
Identifying phenotypic changes in actin dynamics in mammalian cells is problematic due to
redundancy of many actin regulatory proteins, especially true for the Arf GTPases.
Fortunately Drosophila melanogaster has only one member in each of the Arf classes.
Drosophila S2R+ cells form characteristic lamellipodia with the cells appearing uniformly
round when adherent. Depletion of any individual component of the WRC, or Rac1 has been
demonstrated to abolish lamellipodia formation. Depletion of the Arf1 homologue Arf79f28 in
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S2R+ cells also abolished lamelliopodia formation with cells appearing spiky, characteristic
of loss of a WRC dependent activity. Interestingly, the expression of human Arf1 resulted in
restoration of lamelliopodia in Arf79 depleted Drosophila cells. However, the expression of
active Rac1 in these cells failed to restore lamelliopodia formation, further signifying the
direct importance of Arf. Consistent with this, active Arf79F was critical for Sra1 localization
and concomitant generation of lamelliopodia both in cells as well as in vitro28. Furthermore, a
recent study demonstrated that Arf6 potentiated the formation of Rac1 and Wave dependent
ventral F actin rosettes in breast cancer cells upon epidermal growth factor (EGF)
stimulation29. In addition, the authors could demonstrate that interference with ARF6
expression resulted in poor activation and plasma membrane localization of Rac1 in
response to EGF treatment. The study highlights a potential role for ARF6 in linking
EGF-receptor signalling to Rac1 recruitment and activation at the plasma membrane to
promote breast cancer cell directed migration.
Salmonella manipulates Arf GTPases to activate the WAVE Regulatory Complex
Bacterial pathogens manipulate the cytoskeleton30 to establish infections and have long been
used to better understand how actin dynamics are being regulated including those governing
the WRC. Salmonella enterica (hereafter Salmonella) is a Gram-negative facultative
intracellular pathogen that infects and colonizes vertebrate hosts with outcomes ranging from
sub-clinical infections to life-threatening systemic disease. Upon contact with a host cell,
Salmonella translocates a cohort of virulence effector proteins into the host cell via its Type
III Secretion System31. Some of these effector proteins enter the cytosol where they are able
to remodel the actin cytoskeleton resulting in host membrane ruffling that drives Salmonella
entry via macropinocytosis32. It is known that Salmonella requires the WRC to generate
membrane ruffles32, which is mediated by targeting small GTPase signalling pathways. The
virulence effectors SopE and SopE2 mimic host cell GEFs33, 34 by triggering the activation of
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Rac1 and Cdc42, and Cdc42 alone respectively. Salmonella utilizes SopE to recruit WRC in a
Rac1 dependent manner35. However as already indicated Rac1 alone is not sufficient to
activate WRC12, and would need an activated Arf in order to drive WRC dependent actin
assembly. Salmonella does not encode any known Arf GEF, therefore in order to activate Arf
and subsequently the WRC, the pathogen targets the network of host Arf GEFs36.
Salmonella targets and recruits the host GEF ARNO35 (also known as cytohesin 2) to
pathogen entry foci in order to activate Arf1, which cooperates with SopE-activated Rac1 to
drive WRC dependent actin assembly27. ARNO is maintained in the cytosol in an autoinhibited conformation, but is recruited and activated at the plasma membrane via Arf6 and
acidic phospholipids such as PI(3,4,5)P337. Interestingly there are two splice variants of
ARNO that differentially interact with phospholipids, the presence of 3 glycine residues
within the PH domain (3G), results in recruitment to PI(4,5)P2, whereas a double glycine
version (2G), is preferentially recruited to PI(3,4,5)P3 38. It is highly probable that these
different variants have distinct biological functions, with only the 2G variant being shown to
promote the production of Rac1 dependent ventral actin structures in Beas-2b and HeLa cells
upon Phorbol myristate acetate (PMA) stimulation39. With Arf and PI(3,4,5)P3 already
identified as being important for WRC driven actin assembly, this result is not surprising.
The recruitment of ARNO to the membrane by Arf6 triggers WRC-dependent actin
polymerization and Salmonella uptake via Arf127. ARNO recruitment to invasion sites is also
aided by host Arf6 GEFs EFA6 and BRAG2 as well as PI(3,4,5)P3 production via the
Salmonella effector SopB. Surprisingly, efficient Salmonella entry also requires host Arf
GAPs, inactivators of Arf signalling40. This suggests that cycles of GTPase activation and
inactivation facilitate the actin polymerisation required for pathogen uptake. Salmonella thus
exploits a remarkable interplay between both host- and bacteria-derived GEFs and GAPs to
subvert the cytoskeleton and force entry into non-phagocytic cells.
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Escherichia coli interfere with Arf signalling to block WAVE Regulatory Complex
activation
Enteropathogenic and enterohemorrhagic E. Coli (EPEC and EHEC) are major global threats
to human health that cause acute gastroenteritis and bloody diarrhoea respectively41. Unlike
Salmonella, EPEC and EHEC are extracellular pathogens. They use their T3SS to secrete
numerous virulence effector proteins targeting the actin cytoskeleton in order to form cell
surface pseudopodia called actin pedestals where they establish infection42. Actin pedestals
enable both EPEC and EHEC to colonise the surface of intestinal epithelial cells, resulting in
distinctive ‘lesions’ characterized by the destruction of brush border microvilli characteristic
to these cells. As a result the pathogen is able to escape into the basolateral region, where the
bacteria encounter macrophages. Both EPEC and EHEC employ multiple mechanisms to
avoid being engulfed by the infiltrating professional phagocytes43. Macrophages facilitate
uptake of foreign bodies through a process of actin driven phagocytosis44. Phagocytosis in
part is driven via WRC dependent actin assembly, a process that requires cooperating Arf and
Rac1 GTPAses45. In an attempt to evade this process EPEC likely interferes with one or more
of these components. The effector protein EspG, know to interact with Arf1 was thus an
intriguing candidate to investigate. EspG is conserved across EPEC, EHEC and Citrobacter,
and was originally described as a homologue of VirA in Shigella 46. EspG has multiple known
functions, and acts as a molecular scaffold by simultaneously binding p21-activated kinases
(PAK) and GTP bound Arf GTPases47. EspG is also known to act as a Rab-GAP and
interferes with Golgi signalling47, 48. EspG was found to incapacitate WRC activation via a
dual mechanism45. Firstly, EspG binding to Arf1 impedes cooperation with Rac1, thereby
inhibiting WRC recruitment and activation. Further investigation of the mechanism by which
EspG incapacitates WRC, identified key residues in the Arf1 alpha-1 helix and switch-1
domain, which might be critical for WRC activation. In addition EspG’s interaction with Arf6
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sterically hinders its interaction with Arno 45, thereby preventing Arf1 activation and
consequent WRC-mediated phagocytosis. Another EPEC/ EHEC injected effector protein
EspH has been previously shown to inhibit actin driven phagocytosis by disrupting the actin
cytoskeleton. EspH inactivates host Rho GTPases49 such as Rac1 by directly binding to Rho
GEFs that are needed for activation of Rho GTPases.
Thus, manipulation of the WRC underpins diverse virulence strategies where invasive
intracellular pathogens activate the WRC whilst extracellular pathogens inhibit the WRC.
Conclusion
It is well established that Arf GTPases are involved in vesicle trafficking and they have long
been implicated in regulating the actin cytoskeleton. However, until now there has been scant
evidence for direct regulation of NPFs. Arf GTPases, in particular Arf1, coordinate with Rac
to activate WRC and facilitate lamelliopodia formation. The ability of pathogens to target Arf
GTPases that manipulate the host actin cytoskeleton in order to establish infection, further
strengthens the significance and prime importance of these small GTPases in regulating
critical processes at the plasma membrane.
Future Prospective
Despite linking and underlining the importance of Arf GTPases in WRC regulation, the
precise means by which this is achieved is still uncertain. A possible interaction between Arf1
and the WRC component Nap1 has been reported12. Even so, to date there is no conclusive
evidence of a direct interaction between Arf and any component of the WRC, with an
identified binding site still elusive. It is possible that the regulation of WRC by Arf GTPases
is not dependent on any direct interactions watsoever. Indeed manipulation of the local
environment, or more interestingly other key players, such as Rac1 may be the most
important function of Arf here. Cooperation between GTPases is becoming of increasing
interest, but understanding how this is achieved is challenging. Whether Arf directly
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modulates Rac to potentiate its affinity for the WRC, or physically blocks or recruits other
proteins that are involved in activation of the complex is something that needs to be
investigated.
Pathogens, as discussed here are great tools to enhance our understanding of basic cell
biology. They continue to prove invaluable assets in the biologist’s quest to better
comprehend not only Arf-Rac cooperativity, but also the potential interaction and cooperation
of other small GTPases, and the actin cytoskeleton. Multiple pathogens have evolved to
intricately manipulate host cells in the most efficient manner, and as with Salmonella and the
WRC, they likely hijack numerous as yet unidentified fundamental pathways.
CONFLICT-OF-INTEREST
The authors report no conflict of interest of any kind.
FINANCIAL DISCLOSURE
This work was funded by Wellcome Trust Grant 101828/Z/13/Z (VK), Medical Research
Council Grants MR/K000888/1 (VK) and MR/M011771/1 (DH), and by the Cambridge Isaac
Newton Trust.

10

References
1. Campellone KG, Welch MD. A Nucleator Arms Race: Cellular Control of Actin
Assembly. Nature reviews Molecular cell biology. 2010;11(4):237-251.
doi:10.1038/nrm2867.
2. Rohatgi R, Ho HH, & Kirschner MW. Mechanism of N-Wasp Activation by Cdc42
and Phosphatidylinositol 4,5-Bisphosphate. The Journal of Cell Biology.
2000;150(6):1299-1310. doi: 10.1083/jcb.150.6.1299.
3. Gautreau A, Ho HH, Li J, Steen H, Gygi SP, Kirschner MW. Purification and
architecture of the ubiquitous Wave complex. Proceedings of the National Academy
of Sciences of the United States of America. 2004;101(13):4379-4383.
doi:10.1073/pnas.0400628101.
4. Kobayashi K, Kuroda S, Fukata M, Nakamura T, Nagase T, Nomura N, Matsuura Y,
Yoshida-Kubomura N, Iwamatsu A, Kaibuchi K. p140Sra-1 (specifically Rac1associated protein) is a novel specific target for Rac1 small GTPase. J Biol Chem.
1998; 273(1):291-5. PMID: 9417078.
5. Chen Z, Borek D, Padrick SB, et al. Structure and Control of the Actin Regulatory
WAVE Complex. Nature. 2010;468(7323):533-538. doi:10.1038/nature09623.
6. Lebensohn AM, Kirschner MW. Activation of the WAVE complex by coincident
signals
controls
actin
assembly.
Molecular
cell.
2009;36(3):512.
doi:10.1016/j.molcel.2009.10.024.
7. Davidson AJ, Insall RH. Actin-based motility: WAVE regulatory complex structure
reopens old SCARs. Curr Biol. 2011;21(2):R66-8. doi: 10.1016/j.cub.2010.12.001
8. Oikawa, T.et al. PtdIns(3,4,5)P3 binding is necessary for WAVE2-induced formation
of lamellipodia. Nature Cell Biol. 2004; 6(5):420-6. PMID:15107862.
9. Miki H, Yamaguchi H, Suetsugu S&Takenawa T.IRSp53 is an essential intermediate
between Rac and WAVE in the regulation of membrane ruffling. Nature.
2000;408(6813):732-5. PMID:11130076
10. Chen B, Chen Z, Brinkmann K, et al. The WAVE Regulatory Complex Links Diverse
Receptors to the Actin Cytoskeleton. Cell. 2014;156(0):195-207.
doi:10.1016/j.cell.2013.11.048.
11. Leng Y, Zhang J, Badour K, et al. Abelson-interactor-1 promotes WAVE2 membrane
translocation and Abelson-mediated tyrosine phosphorylation required for WAVE2
activation. Proceedings of the National Academy of Sciences of the United States of
America. 2005;102(4):1098-1103. doi:10.1073/pnas.0409120102.
12. Koronakis V, Hume PJ, Humphreys D, Liu T, Hørning O, Jensen ON, & McGhie
EJ.WAVE regulatory complex activation by cooperating GTPases Arf and Rac1.
Proceedings of the National Academy of Sciences of the United States of
America.2011;108(35):14449-14454. doi:10.1073/pnas.1107666108.
13. D'Souza-Schorey C, Chavrier P. ARF proteins: roles in membrane traffic and
beyond.Nat. Rev. Mol. Cell Biol. 2006;7(5):347-58. PMID:16633337.
14. Godi A, Pertile P, Meyers R, Marra P, Di Tullio G, Iurisci C, Luini A, Corda D, De
Matteis MA. ARF mediates recruitment of PtdIns-4-OH kinase-beta and stimulates
synthesis of PtdIns(4,5)P2 on the Golgi complex. Nat. Cell Biol. 1999;1(5):280-7.
PMID: 10559940.
15. Jones DH, Morris JB, Morgan CP, Kondo H, Irvine RF, Cockcroft S. Type I
phosphatidylinositol 4-phosphate 5-kinase directly interacts with ADP-ribosylation

11

factor 1 and is responsible for phosphatidylinositol 4,5-bisphosphate synthesis in the
golgi compartment J. Biol. Chem. 2000 ;275(18):13962-6. PMID: 10747863.
16. Honda A, Nogami M, Yokozeki T, Yamazaki M, Nakamura H, Watanabe H,
Kawamoto K, Nakayama K, Morris AJ, Frohman MA, Kanaho Y.
Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effector of the small
G protein ARF6 in membrane ruffle formation. Cell. 1999 ;99(5):521-32. PMID:
10589680.
17. Santy LC, Ravichandran KS, Casanova JE. The DOCK180/Elmo complex couples
ARNO-mediated Arf6 activation to the downstream activation of Rac1. Curr. Biol.
2005; 15(19):1749-54. PMID: 16213822
18. Balasubramanian N, Scott DW, Castle JD, Casanova JE, Schwartz MA. Arf6 and
microtubules in adhesion-dependent trafficking of lipid rafts. Nature cell biology.
2007;9(12):1381-1391. doi:10.1038/ncb1657.
19. Radhakrishna H, Al-Awar O, Khachikian Z, Donaldson JG. ARF6 requirement for
Rac ruffling suggests a role for membrane trafficking in cortical actin rearrangements.
J Cell Sci. 1999;112 ( Pt 6):855-66. PMID: 10036235.
20. Zhang Q, Cox D, Tseng CC, Donaldson JG, Greenberg S. A requirement for ARF6 in
Fcgamma receptor-mediated phagocytosis in macrophages. J Biol Chem. 1998
;273(32):19977-81. PMID: 9685333.
21. Boulay PL, Cotton M, Melançon P, Claing A. ADP-ribosylation Factor 1 Controls the
Activation of the Phosphatidylinositol 3-Kinase Pathway to Regulate Epidermal
Growth Factor-dependent Growth and Migration of Breast Cancer Cells. The Journal
of Biological Chemistry. 2008;283(52):36425-36434. doi:10.1074/jbc.M803603200.
22. Dubois T, Paléotti O, Mironov AA, Fraisier V, Stradal TE, De Matteis MA, Franco M,
Chavrier P. Golgi-localized GAP for Cdc42 functions downstream of ARF1 to control
Arp2/3 complex and F-actin dynamics. Nat. Cell Biol. 2005;7(4):353-64. doi:
10.1038/ncb1244.
23. Erickson JW, Zhang Cj, Kahn RA, Evans T, Cerione RA. Mammalian Cdc42 is a
brefeldin A-sensitive component of the Golgi apparatus. J. Biol. Chem.
1996;271(143):26850-4. PMID: 8900167.
24. Kumari S, Mayor S. ARF1 is directly involved in dynamin-independent endocytosis.
Nat. Cell Biol. 2007;10(1):30-41. doi:10.1038/ncb1666.
25. Manabe R, Kovalenko M, Webb DJ, Horwitz AR. GIT1 functions in a motile, multimolecular signaling complex that regulates protrusive activity and cell migration. J.
Cell Sci. 2002; 115(Pt 7):1497-510. PMID: 11896197.
26. Anitei M, Stange C, Parshina I, et al. Protein complexes containing
CYFIP/Sra/PIR121 coordinate ARF1 and RAC1 signaling during clathrin-AP-1coated carrier biogenesis at the TGN. Nature cell biology. 2010;12(4):330-340.
doi:10.1038/ncb2034.
27. Humphreys D, Davidson AC, Hume PJ, Makin LE, Koronakis V. Arf6 coordinates
actin assembly through the WAVE complex, a mechanism usurped by Salmonella to
invade host cells. Proceedings of the National Academy of Sciences of the United
States of America. 2013;110(42):16880-16885. doi:10.1073/pnas.1311680110.
28. Humphreys D, Liu T, Davidson AC, Hume PJ, Koronakis V. The Drosophila Arf1
homologue Arf79F is essential for lamellipodium formation. Journal of Cell Science.
2012;125(23):5630-5635. doi:10.1242/jcs.108092.
29. Marchesin V, Montagnac G, Chavrier P. ARF6 Promotes the Formation of Rac1 and
WAVE-Dependent Ventral F-Actin Rosettes in Breast Cancer Cells in Response to
Epidermal
Growth
Factor.
PLoS
ONE.
2015;10(3):e0121747.
doi:10.1371/journal.pone.0121747.
12

30. Haglund CM, Welch MD. Pathogens and polymers: Microbe–host interactions
illuminate the cytoskeleton. The Journal of Cell Biology. 2011;195(1):7-17.
doi:10.1083/jcb.201103148.
31. McGhie EJ, Brawn LC, Hume PJ, Humphreys D, Koronakis V. Salmonella takes
control: effector-driven manipulation of the host. Current Opinion in Microbiology.
2009;12(1):117-124. doi:10.1016/j.mib.2008.12.001.
32. McGhie EJ, Hayward RD, Koronakis V. Control of actin turnover by a salmonella
invasion protein. Mol. Cell. 2004; 13(4):497-510. PMID: 14992720.
33. Hardt WD, Chen LM, Schuebel KE, Bustelo XR, Galán JE. S. typhimurium encodes
an activator of Rho GTPases that induces membrane ruffling and nuclear responses in
host cells. Cell. 1998; 93(5):815-26. PMID: 9630225.
34. Friebel A, Ilchmann H, Aepfelbacher M, Ehrbar K, Machleidt W, Hardt WD. SopE
and SopE2 from Salmonella typhimurium activate different sets of RhoGTPases of the
host cell. J. Biol. Chem. 2001;276(36):34035–34040. PMID:11440999.
35. Humphreys D, Davidson A, Hume PJ, Koronakis V. Salmonella Virulence Effector
SopE and Host GEF ARNO Cooperate to Recruit and Activate WAVE to Trigger
Bacterial
Invasion.
Cell
Host
&
Microbe.
2012;11(2):129-139.
doi:10.1016/j.chom.2012.01.006.
36. Macia E, Chabre M, Franco M. Specificities for the small G proteins ARF1 and ARF6
of the guanine nucleotide exchange factors ARNO and EFA6. J. Biol. Chem.
2001;276(27):24925–24930. PMID:11342560.
37. Macia E, Paris S, Chabre M. Binding of the PH and polybasic C-terminal domains of
ARNO to phosphoinositides and to acidic lipids. Biochemistry. 2000;39(19):5893–
5901. PMID: 10801341.
38. Klarlund JK, Tsiaras W, Holik JJ, Chawla A, Czech MP. Distinct
polyphosphoinositide binding selectivities for pleckstrin homology domains of GRP1like proteins based on diglycine versus triglycine motifs. J Biol Chem.
2000;275(42):32816–21.
39. Caviston JP, Cohen LA, Donaldson JG. Arf1 and Arf6 Promote Ventral Actin
Structures formed by acute Activation of Protein Kinase C and Src. Cytoskeleton
(Hoboken, NJ). 2014;71(6):380-394. doi:10.1002/cm.21181.
40. Davidson AC, Humphreys D, Brooks ABE, Hume PJ, Koronakis V. The Arf GTPaseActivating Protein Family Is Exploited by Salmonella enterica Serovar Typhimurium
To
Invade
Nonphagocytic
Host
Cells.
mBio.
2015;6(1):e02253-14.
doi:10.1128/mBio.02253-14.
41. Hartland EL, Leong JM. Enteropathogenic and enterohemorrhagic E. coli: ecology,
pathogenesis, and evolution. Frontiers in Cellular and Infection Microbiology.
2013;3:15. doi:10.3389/fcimb.2013.00015.
42. Campellone KG, Leong JM. Tails of two Tirs: actin pedestal formation by
enteropathogenic E. coli and enterohemorrhagic E. coli O157:H7. Curr. Opin.
Microbiol. 2003; 6(1):82-90. PMID: 12615225.
43. Santos AS, Finlay B. Bringing down the host: enteropathogenic and
enterohaemorrhagic Escherichia coli effector-mediated subversion of host innate
immune pathways. Cell Microbiol. 2015;17(3):318-32. doi: 10.1111/cmi.12412.
44. May RC, Caron E, Hall A, Machesky LM. Involvement of the Arp2/3 complex in
phagocytosis mediated by Fc R or CRγ. Nat. Cell Biol. 2000; 2(4):246-8. Doi
:10.1038/35008673.
45. Humphreys D, Singh V, Koronakis V. Inhibition of WAVE Regulatory Complex
Activation by a Bacterial Virulence Effector Counteracts Pathogen
Phagocytosis.CellReports.2016;17(3):697707.doi:10.1016/j.celrep.2016.09.09.
13

46. Elliott SJ, Krejany EO, Mellies JL, Robins-Browne RM, Sasakawa C, Kaper JB.
EspG, a Novel Type III System-Secreted Protein from Enteropathogenic Escherichia
coli with Similarities to VirA of Shigella flexneri. Infection and Immunity.
2001;69(6):4027-4033. doi:10.1128/IAI.69.6.4027-4033.2001.
47. Selyunin AS, Sutton SE, Weigele BA, et al. The assembly of a GTPase–kinase
signalling complex by a bacterial catalytic scaffold. Nature. 2011;469(7328):107-111.
doi:10.1038/nature09593.
48. Selyunin AS, Reddick LE, Weigele BA, Alto NM. Selective Protection of an ARF1GTP Signaling Axis by a Bacterial Scaffold Induces Bidirectional Trafficking Arrest.
Cell reports. 2014;6(5):878-891. doi:10.1016/j.celrep.2014.01.040.
49. Dong N, Liu L, Shao F. A bacterial effector targets host DH-PH domain RhoGEFs
and antagonizes macrophage phagocytosis. The EMBO Journal. 2010;29(8):13631376. doi:10.1038/emboj.2010.33.

14

Figure 1. Factors known to regulate NWASP and WRC (A) N-WASP exists in an autoinhibited state, with its Arp2/3-activating VCA domain bound to the GTPase binding domain
(GBD). Binding of PI(4,5)P2 to the polybasic (B) region, and active Cdc42 (GTP bound) to
the GBD releases the VCA domain, allowing it to bind the Arp2/3 complex and initiate actin
polymerization. (B) Similarly, the VCA domain of WAVE is also concealed, as it is bound to
Sra1 within the WRC, rendering the complex inactive. Numerous factors such as binding of
GTP-loaded Rac1 to Sra1, binding of PI(3,4,5)P3 to the polybasic (B) domain, and the
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binding of IRSp53 (and other SH3 containing proteins) to the poly-proline region of WAVE,
have been implicated in WRC activation, potentiating actin polymerization.
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Figure 2. Collaboration between Arf and Rho GTPases to potentiate actin assembly via
WRC
The Wave regulatory complex (WRC) exists in an inactive state i.e. the VCA domain of
WAVE is not free to bind to the Arp2/3 complex to induce actin polymerization. Upon
external stimuli, such as effector protein delivery by Salmonella or on EGF stimulation, Arf6
recruits and activates ARNO that in turn stimulates the exchange of GDP (white circle) bound
to Arf1 for GTP (blue circle). Activated Arf1 consequently anchors via its exposed
myristoylation moiety (black lines) to the plasma membrane. The Arf1 binding partner
remains unclear, but nevertheless membrane-anchored active Arf1 and Rac1 work in
cooperation to recruit and activate the WRC (i.e. release the VCA domain) that induces
Arp2/3-dependent polymerization of actin filaments (pink).
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