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ABSTRACT
Once overlooked as an evolutionary vestige, the primary cilium has recently been the focus of intensive studies. Mounting data show that this

organelle is a hub for various signaling pathways during vertebrate embryonic development and pattern formation. However, how cilia form

and how cilia execute the sensory function still remain poorly understood. Cilia dysfunction is correlated with a wide spectrum of human

diseases, now termed ciliopathies. Various small GTPases, including the members in Arf/Arl, Rab, and Ran subfamilies, have been implicated

in cilia formation and/or function. Here we review and discuss the role of one particular group of small GTPase, Arf/Arl, in the context of cilia

and ciliopathy. J. Cell. Biochem. 113: 2201–2207, 2012. � 2012 Wiley Periodicals, Inc.
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C ilia emanate from the surface of most eukaryotic cells and

perform diverse roles in motility and sensation. Cilia are

microtubule-based organelles and serve as specialized subcellular

compartments that harbor ciliary structural proteins, sensory receptors,

and signaling molecules. Evolutionarily conserved intraflagellar

transport (IFT), a motor-mediated bidirectional transport along the

axoneme, builds and maintains all cilia [Rosenbaum, 2002]. The IFT

particle is composed of two subcomplexes (IFT-A and IFT-B). In a

simple model, anterograde transport is regulated by Kinesin-II,

whereas dynein regulates retrograde transport. Sensory transduction

capabilities of cilia are highly conserved in all ciliated organisms.

Polarized cells utilize primary cilia to receive various environmental

stimuli that are converted into physiological responses. For example,

primary cilia of kidney nephrons and liver cholangiocytes use

polycystins to sense liquid flow and convert this information into

downstream signals [Nauli et al., 2003; Masyuk et al., 2006]. Primary

cilia also regulate the transduction of various signals critical for

embryonic development and pattern formation, such as Sonic

hedgehog (Shh), Wnt, and PDGF pathways [Goetz and Anderson,

2010]. With rapid advancements during the past decade in the

positional cloning of human disease genes, a wide variety of genetic

disorders, such as autosomal dominant polycystic kidney disease

(ADPKD), Bardet–Biedl syndrome (BBS), Joubert syndrome (JS),

nephronophthisis (NPHP), Meckel–Gruber syndrome (MKS), and

autosomal recessive polycystic kidney disease (ARPKD), have been

characterized molecularly as cilia-related diseases, now known

collectively as ciliopathies [Badano et al., 2006].

THE Arf/Arl FAMILY

Arf/Arls are enzymatically active small GTPases that belong to the

Ras superfamily. The family of mammalian Arf/Arl GTPases has 29

members, including 6 Arfs, Sar1 and over 20 Arf-like proteins (Arls)

[Gillingham and Munro, 2007]. Members of the Arf family were first

identified as factors required for cholera toxin-dependent ADP-

ribosylation of the heterotrimeric Gs protein [Kahn and Gilman,

1986]. The ADP-ribosylation factor (Arf) activity is shared by six

closely related proteins Arf1-6, but not by Arls and Sar1, which were

identified mainly by sequence alignment and structure similarity.

The endogenous functions of most characterized Arf GTPases are

involved in membrane traffic or cytoskeleton organization. Less is

known about the in vivo role of Arls [Gillingham and Munro, 2007].

One shared, also unique, structural feature for the Arf/Arl family

is the N-terminal amphipathic helix, which is indispensable for

membrane insertion upon Arf/Arls binding to GTP. Posttranslational
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modifications are also critical for the membrane recruitment and

biological activity of all Arfs and, at least, some Arls. For example,

all Arfs and several Arls are found to be myristoylated at N-terminus

during translation; and at least two Arls, ARFRP1 (ARF-related

protein 1) and Arl8, are acetylated at N-terminus [Donaldson and

Jackson, 2011]. Remarkably, themembrane insertionmechanism for

Rabs and other small GTPases is the posttranslational modification

at C-terminal cystines by prenyl groups. Thus, in contrast to Rabs

and other small GTPases that contain a long linker between the

C-terminal membrane-insertion domain and the N-terminal GTPase

domain, Arf/Arls possess a short linker due to that the lipid

modification or amphipathic helix occurs near the GTPase domain.

This structural characteristic suggests that the associated effectors of

Arf/Arls are closer to the membrane than those of other small

GTPases. The evidences that most identified Arf/Arl effectors are

often coat proteins or lipid-modified enzymes further support this

assumption [Gillingham and Munro, 2007].

Another feature for Arf/Arl family members is that they usually

dissociate from membrane spontaneously upon GTP hydrolysis and

do not require any GDP dissociation inhibitor (GDI) proteins

[Donaldson and Jackson, 2011]. Interestingly, some Arfs can still

bind to specific membrane in their GDP-bound forms [Donaldson

and Jackson, 2011], indicating that GDP-bound Arf/Arls might have

their specific effectors and play unknown roles in certain cellular

processes.

Among all the Arf/Arl proteins, Arf4, Arl3, Arl6, and Arl13b have

been implicated to play distinct roles in the context of cilia (Table I).

Here we will review them and their potential functional crosstalks

within cilia.

Arf4 AND TGN SORTING OF CILIARY PROTEINS

Arf4 is 90% identical to Arf5 and 80% identical to Arf1/2/3, and

these five proteins are equally capable of recruiting COPI coats or the

clathrin coat adaptor AP-1 to Golgi membrane [Nachury et al.,

2011]. Of all six Arf proteins, Arf4 is the only reported one that

shows cilia-related function. The physical interaction between Arf4

and the C-terminal VXPX motif of rhodopsin is required for the

ciliary sorting of rhodopsin in photoreceptor cells [Deretic et al.,

2005]. Further studies revealed that Arf4 forms a complex with Arf

GTPase activating protein (GAP) ASAP1, another small GTPase

Rab11, and Rab11 effector FIP3 to regulate the budding and sorting

of rhodopsin-containing vesicles from Trans-Golgi-Network (TGN)

to photoreceptor cilia [Mazelova et al., 2009]. As expected,

expression of an Arf4 dominant-negative (DN) mutant resulted in

rhodopsin mislocalization and retinal degeneration in Xenopus

[Mazelova et al., 2009].

Interestingly, the VXPX sorting motif identified in rhodopsin

exists in several other ciliary membrane sensory receptors, including

polycystin-2 (PC2) [Geng et al., 2006] and polycystin-1 (PC1) [Ward

et al., 2011], two proteins mainly affected in ADPKD disease. The

VXPX domain of PC1 is required for the formation of a multimeric

complex that contains Arf4, ASAP1, and PC1 [Ward et al., 2011].

Furthermore, a trafficking machinery consisting of Arf4, ASAP1,

Rab6, and Rab11mediates the transportation of PC1 from TGN to the

ciliary base [Ward et al., 2011]. These data are consistent with

rhodopsin sorting model and supportive for the assumption that a

conserved Arf4-based transport machinery is used for sorting TGN

cargoes into ciliary targeting vesicles.

Although the ciliary transportation of PC2 was reported to exit

from cis-Golgi but not TGN for cilia targeting [Hoffmeister et al.,

2011], the facts that the N-terminal ciliary targeting motif RVXP of

PC-2 strongly interacts with Arf4 [Ward et al., 2011] and that Arf4

also presents on cis-Golgi surface [Volpicelli-Daley et al., 2005] hint

the possibility that there might be another Arf4 mediated sorting

pathway at cis-Golgi. Additionally, the clathrin adaptor AP-1,

which is identified as one of Arf4 effectors, also plays a role in

regulating the proper ciliary localization of odorant receptor ODR-

10 in Caenorhabditis elegans [Dwyer et al., 2001]. No VXPX domain

can be found in ODR-10 protein. It would be interesting to examine

whether Arf4 might act through AP-1 and clathrin for the selective

ciliary targeting of certain ciliary sensory receptors.

Exactly how Arf4 gains the ability to specifically facilitate the

ciliary sorting of the ciliary sensory receptors at the Golgi is unclear.

However, the discovery that rhodopsin recruits Arf4 and initiates the

formation of sorting complex indicates that this is a cargo-

dependent event. The maintenance and function of cilia depend on

the proper localization of hundreds of cilia-specific proteins,

including structural proteins, membrane proteins and signaling

molecules. After these proteins are synthesized and transported into

the Golgi, little is known about how they gain access to cilia-

targeting vesicles. Among a battery of small GTPases implicated in

this particular sorting pathway [Li and Hu, 2011], Arf4 appears to act

TABLE I. Ciliary Arf/Arl Proteins and Known Effectors

Small GTPases Organism Gene name Localization Function GAP Effectors

Arl13b C. elegans ARL-13 Middle segment of cilia Cilia formation
Zebrafish arl13b Cilia Ciliary protein targeting
Human ARL13B
Mouse Arl13b

Arl6 C. elegans ARL-6/BBS-3 Ciliated cell and cilia Cilia formation BBSome
Human ARL6/BBS3 Cilia (ATP-bound form) Ciliary protein targeting
Mouse Arl6/Bbs3

Arl3 Leishmania Arl3 Flagella Flagella and cilia formation RP2 UNC119
C. elegans ARL-3 Ciliated cell and cilia Ciliary protein targeting HDAC-6
Mouse Arl3 Cilia

Arf4 X. laevis arf4 Golgi Ciliary protein targeting ASAP1
Human ARF4
Mouse Arf4
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at the very beginning point, the budding step at TGN. Thus, it would

be interesting to examine the protein profile in those Arf4-positive

cilia-targeting vesicles to see whether the binding between

transmembrane protein rhodopsin (or PC1) and Arf4-containing

sorting machinery provides a mechanism for delivering other ciliary

proteins in the same vesicles.

Arl3 IN CILIOGENESIS AND CILIARY TRANSPORT

A comparative genomic study indicated that Arl3 and Arl6 are

present only in the ciliated organisms [Avidor-Reiss et al., 2004].

Arl3�/�mice were small, sick, and died by 3 weeks of age [Schrick et

al., 2006]. Although Arl3 has not been identified as one of human

ciliopathy loci, Arl3�/� mice exhibit a pleiotropic of ciliopathy

phenotypes characterized by impaired photoreceptor development,

cysts formation in the kidney, liver and pancreas. The Leishmania

Arl3 ortholog targets to the flagellum and is essential for flagellum

biogenesis [Cuvillier et al., 2000]. However, knockdown Arl3 by

siRNA in mammalian systems only leads to defective ciliary

transport but grossly normal cilia morphology [Lai et al., 2011].

Interestingly, arl-3 knockout C. elegans show normal cilia length

but defective localization of ciliary sensory receptors ([Li et al.,

2010] and unpublished data in our lab). As expected, overexpression

of a dominant-active (DA) ARL-3 mutant compromises the normal

ciliogenesis in C. elegans, indicating that ARL-3 might be a negative

regulator for ciliogenesis [Li et al., 2010]. This also explains why

depletion of Arl3 in either mammalian systems or C. elegans does

not affect ciliogenesis. Further analyses suggested that ARL-3 is

involved in regulating the association between IFT-B subcomplexes

and IFT-B-associate kinesin motor OSM-3/KIF17. It is interesting

that ARL-3 itself does not show any IFT movement in cilia. So the

open question remains is how a non-IFT protein affects the IFT

integrity and negatively regulates the ciliogenesis. We pinpointed

one potential effector of ARL-3 in ciliogenesis to HDAC-6, but the

mechanism behind this process is still poorly understood.

In mammalian photoreceptors, Arl3 localizes predominantly to

the connecting cilium and interacts with the X-linked retinitis

pigmentosa protein RP2, a GAP for Arl3 [Grayson et al., 2002]. RP2

is proposed to regulate Arl3 small GTPase activity and be involved in

transporting and docking the vesicles from the Golgi to the base of

the photoreceptor connecting cilia [Evans et al., 2010]. In primary

cilium, the myristoylated ciliary cargo, such as NPHP3, is first

transported by UNC119 to the ciliary base by unknown mechanism,

and then inside the cilium, the binding between GTP-bound Arl3

and UNC119 somehow releases the myristoylated cargo into the

appropriate ciliary membrane domain. Next, RP2 switches Arl3 from

GTP-bound to GDP-bound and this leads to UNC119 dissociation

and its exit from cilia [Wright et al., 2011].

Arl6/Bbs3 AND CILIARY RECEPTORS TARGETING

Arl6/Bbs3 was the first member of Arf/Arl family identified in

human ciliopathy. It is one of a set of human genes that when

mutated cause BBS [Chiang et al., 2004; Fan et al., 2004]. BBS is a

genetically heterogeneous human disorder characterized by obesity,

polydactyly, mental retardation, retinal degeneration, renal cyst,

and learning disabilities [Zaghloul and Katsanis, 2009]. Structural

analyses demonstrated that the altered residues found in BBS3

patients cluster in or around Arl6 GTP binding domain and affect

nucleotide binding capacity [Kobayashi et al., 2009; Wiens et al.,

2010]. Arl6�/� mice develop BBS-associated phenotypes [Zhang

et al., 2011]. In cultured mammalian cells, Arl6 GTPase activity is

required for both ciliogenesis andWnt signaling [Wiens et al., 2010].

Studies in C. elegans show that arl-6�/� worms still possess normal

ciliogenesis but defective cilia sensory function. It is unclear why

other BBS proteins, but not ARL-6/BBS-3, are involved in regulating

IFT integrity and ciliogenesis in C. elegans [Blacque et al., 2004].

However, recent studies in Arl6�/� knockout mice did suggest that

Arl6/Bbs3 has both common BBS-associated and BBS3-unique

functions [Zhang et al., 2011].

Eight other BBS proteins, including BBS1, BBS2, BBS4, BBS5,

BBS7, BBS8, BBS9, and BBIP10 form a protein complex known as

the BBSome [Nachury et al., 2007; Loktev et al., 2008]. The BBSome

shares common structural features with COPI, COPII and clathrin

coats and is the major effector of Arl6/Bbs3 in sorting membrane

proteins to cilia [Jin et al., 2010]. Loss of Arl6 does not affect

BBSome formation but disrupts normal localization of melanin

concentrating hormone receptor 1 to ciliary membranes [Zhang

et al., 2011]. Additionally, Arl6 and BBSome are required for the

ciliary entry of somatostatin receptor 3 [Jin et al., 2010]. It was

proposed that GTP-bound Arl6 recruits the BBSome and BBSome-

associated cargo complex to membrane and assembles a polymer-

ized coat–cargo complex that can be dragged through the periciliary

diffusion barrier [Jin et al., 2010]. Interestingly, other than the

ciliary entry of membrane receptors, loss of Arl6 can also affect the

retrograde transport of sensory receptor Smoothened inside cilia,

which leads tomodest decrease in ciliary Shh signaling [Zhang et al.,

2011]. Studies in our lab also confirmed that various sensory

receptors consistently mislocalize in arl-6 knockout worms (unpub-

lished results). Taken together, these evidences suggest that the role

of Arl6 in the context of cilia is conserved and the variety of

symptoms found in BBS patients is likely due to the compromised

ciliary targeting or removal of various sensory receptors and/or

signaling molecules.

A fact need to be pointed out is that Arl6 is the only Arf/Arl small

GTPase that was found to move inside the cilium. C. elegans ARL-6

moves at typical IFT rates in both anterograde and retrograde

directions [Fan et al., 2004]. However, our observations revealed that

ARL-6 moves much less frequently when compared with IFT

structural components or other BBSome components, indicating

that ARL-6 might not be IFT integral protein but rather a cargo or

cargo binding protein, which may just nonconstitutively attach to

the IFT machinery. Why ARL-6 moves together with IFT machinery

and whether this motility requires the GTPase activity need further

investigations.

Arl13b IN CILIOGENESIS, CILIARY TRANSPORT
AND SIGNALING

Arl13b was initially cloned as the novel cystic kidney gene scorpion

(sco) in zebrafish [Sun et al., 2004]. Knockdown of Arl13b leads to
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multiple cilia-associated phenotypes in zebrafish [Duldulao et al.,

2009]. Unlike other small GTPases, Arl13b is an atypical small

GTPase with an elongated C-terminus contains a coiled-coil domain

and a proline-rich domain (PRD). Mutations in ARL13B has been

identified in two families with the classical form of JS [Cantagrel

et al., 2008], an autosomal recessive disorder characterized by

congenital cerebellar ataxia, hypotonia, oculomotor apraxia, and

mental retardation, cystic kidney, polydactyly. Arl13b null mice

(hennin) mimic the mutant phenotypes in JS patients [Caspary et al.,

2007], and show coupled defects in cilia structure and cilia

signaling, including Shh signaling, BMB signaling, and abnormally

expressed Wnt ligands [Caspary et al., 2007; Horner and Caspary,

2011; Larkins et al., 2011]. The cilia in Arl13b hennin mouse

embryos are only one-half the length of wild-type and exhibit an

unique mutant phenotype in that the B-tubules of the outer doublet

microtubules are not closed. The unclosed B-tubule defect is also

observed in arl-13wormmutants, indicative of the conservation for

Arl13b cilia-related function [Li et al., 2010].

Due to the lethality of hennin mice, C. elegans is used as an

alternative model to gain mechanistic insights into the in vivo

function of Arl13b protein. Studies from the Blacque’s laboratory

and our laboratory revealed a role for ARL-13 at ciliary membranes,

where it regulates ciliary transmembrane protein localizations and

anterograde IFT assembly stability [Cevik et al., 2010; Li et al., 2010].

Moreover, our laboratory’s work showed that ARL-3 acts antago-

nistically with ARL-13 to regulate IFT integrity and ciliogenesis [Li

et al., 2010]. Specifically, the absence of ARL-13 causes destabilized

IFT complex and IFT-A and IFT-B tend to dissociate in anterograde

IFT transport; whereas ARL-3 depletion can partially rescue

ciliogenesis defects in arl-13 mutants by stabilizing the association

between IFT-A and IFT-B [Li et al., 2010]. We will discuss this more

in the following section.

One unique feature for ARL-13 is its C-terminal PRD, which is

indispensable for its specific targeting to the doublet segment of the

cilium in C. elegans. PRD and its major interacting Src homology 3

(SH3) domain have been experimentally proven to be involved in

various protein–protein interactions. Interestingly, PRD is found in

many microtubule-associated proteins (MAPs), such as MAP2, Tau,

MAP4, and required for the activities of MAPs in microtubule

binding and assembly [Ferralli et al., 1994; Tokuraku et al., 1999].

Additionally, the PRD of the GTPase dynamin regulates its effector

binding and microtubule association [Hamao et al., 2009]. In our

studies, overexpression ofARL-13PRDdomain could induce a dominant

negative effect on ciliogenesis [Li et al., 2010]. Overexpression of an

ARL-13 truncation that lacks the PRD domain but preserves the

whole GTPase domain could also cause ciliogenesis defects in wild-

type animals [Li et al., 2010]. These two observations suggest that

the PRD of ARL-13 is critical for not only its specific ciliary targeting

but also its function in cilia formation. It would be of great interest

to characterize the ciliary protein(s) that bind ARL-13 PRD domain.

POTENTIAL FUNCTIONAL CROSSTALK AMONG Arf/
Arls IN THE CONTEXT OF CILIA

Numerous evidences show that Arf/Arl proteins often function in

pair or as a network in one cellular process [Donaldson and Jackson,

2011]. Arf4, Arl3, Arl6, and Arl13b are all involved in targeted

transport of membrane proteins to the cilia (Fig. 1). The three Arl

proteins also affect diverse signaling pathways. At least for Shh

signaling pathways, the relative levels of Shh signaling components

in cilia are regulated directly or indirectly by all three ciliary Arl

proteins. It would be interesting to examine whether these Arf/Arls

could possibly crosstalk in their functional pathways.

Arl3, Arl6, and Arl13b are the only three Arl small GTPases

implicated in human ciliopathies or vertebrate ciliopathy models.

Not like Arf4, which mainly localizes on Golgi, Arl3, Arl6, and

Arl13b all localize inside the cilium. Our previous work demon-

strated that ARL-3 acts through an HDAC6-dependent pathway to

partially rescue the ciliogenesis defect in arl-13 mutant [Li et al.,

2010], indicating ARL-13 acts antagonistically with ARL-3 in cilia

formation. HDAC6 belongs to histone deacetylase family and can

deacetylates not only histone, but also a-tubulin, HSP90, and

coractin. Activation of HDAC6 was found to promote cilia

disassembly while loss of HDAC6 activity selectively stabilizes cilia

in human epithelial cells [Pugacheva et al., 2007]. However,

previous work and our data ruled out the possibilities of a-tubulin

and HSP90 as the candidates in ARL-3-HDAC6 pathway in

C. elegans [Fukushige et al., 1999; Li et al., 2010]. We propose

that HDAC6 may affect the acetylation of an unknown adaptor

protein in IFT complex. Interestingly, HDAC6 physically interacts

with BBIP10, a subunit of the BBSome that binds to both IFT-A and

IFT-B, suggesting a potential functional crosstalk between Arl3,

Arl13, and Arl6-BBSome in cilia [Loktev et al., 2008].

ARL-3 also has non-IFT related function in cilia. Overexpression

of ARL-3 DA in arl-13 mutants produces a new defect in that some

transition zones (TZs) at the ciliary base are totally missing [Li et al.,

2010]. This striking phenotype is not due to the compromised IFT

integrity inmiddle segments because previous TEM analyses showed

that TZs can form normally in all IFT mutants examined in

C. elegans [Perkins et al., 1986]. It is known that ciliopathy NPHP

and MKS proteins act together to establish the normal Y-link

formation and the connection between the TZ and the ciliary

membrane [Williams et al., 2011]. It would be interesting to examine

if Arl-3 and Arl-13 function synergically in regulating the proper

function and localization of NPHPs and MKSs at the TZ. Further

understanding the crosstalk of the ciliary small Arls will definitely

broaden our knowledge of cilia formation and function, as well as of

ciliopathy pathogenesis.

PROSPECTIVE

Our knowledge about the role of Arf/Arls in cilia is still in its infancy

stage, with too many mechanistic insights missing. The fact that

Arl3�/� and Arl13b�/� mice are embryonic lethal makes it difficult

to study Arl function in living mammalian models. In contrast,

worm arl-3, arl-6, and arl-13 single deletion mutants are all viable.

Hence the simple model organisms will be invaluable in exploring

the conserved pathways underlying ciliopathy Arls in their native

ciliary environment.

Studies of Ras/Rho small GTPase families have demonstrated

that numerous proteins bind to small GTPases to control their

2204 Arf/Arls IN CILIA AND CILIOPATHIES JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. A model for the roles of ciliary Arf/Arl proteins. A: The ciliary Arf/Arls. Arf4 binds specifically to the VXPX motif of the rhodopsin and PC1 at TGN and together with

ASAP1, Rab11 and its FIP3 to facilitate the ciliary targeting of these receptors. Arl6GTP recruits the BBSome complex and facilitates the ciliary entry of membrane proteins.

Arl13 and Arl3 localize inside the cilium and coordinate the IFT integrity and sensory receptor localization. Arl3 can also use UNC119 as an effector to mediate the proper

localization of myristoylated ciliary cargo, such as NPHP3. B: Functional coordination of three ARL proteins in C. elegans. ARL-13 is involved in IFT-A and B interaction and ARL-

3 regulates the association of OSM-3/KIF17 to IFT-B. In wild-type cilia, ARL-13, ARL-3, and ARL-6-BBSome all regulate the integrity of the IFT complex, which results it an

intact IFT particle moved by the coordination of OSM-3/KIF17 and Kinesin-II at intermediate rate. When ARL-3 is absent, OSM-3 dissociates from IFT particles, and IFT-A and -B

are both moved by Kinesin-II at slow rate. In ARL-13 depleted cilia, IFT particles tend to break into subcomplex A and B. ARL-6 depletion has no effect on IFT-A–IFT-B

association, only causes mislocalization for sensory receptors.
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localization, activity, and downstream signaling pathways. The

interactors include enzymes involved in posttranslational mod-

ifications, guanine nucleotide exchange factors (GEF), GTPase-

activating factors (GAP), and effectors (such as adaptors, motors,

kinases, and phosphatases) that bind specifically to the active forms

of small GTPases [Cherfils and Chardin, 1999; Bernards and

Settleman, 2004; Winter-Vann and Casey, 2005]. The BBSome

serves as a major effector of Arl6 and mediates the ciliary cargo

localization in an Arl6-GTP-dependent way. Functional identifica-

tion and characterization of the binding partners of the three

ciliary Arls as well as Arf4 would allow the delineation of the poorly

defined Arf/Arl signaling networks and would significantly enhance

our understanding of their physiological roles in cilia biogenesis and

function. In addition, the fact that small GTPases and many of their

effectors are enzymatically active molecules makes these proteins

promising targets for the therapeutic invention in future ciliopathy

treatment.

Among all Arl effectors, the most important, also the least

defined, ones are GEFs and GAPs. All small GTPases are regulated

spatially and temporally through a cycle of GTP binding and

hydrolysis, which mediates by GEFs and GAPs. However, no GEFs

were identified for Arls and only two GAPs (RP2 and ELMOD2) are

specific for Arl3 and Arl2/3, respectively. Arf GEF/GAPs are defined

by the conserved signature domains and this has facilitated the

identification process for other Arf GEF/GAPs from yeast to human.

However, evidences are lacking in demonstrating that the GEF/GAPs

of Arfs also work on Arl proteins. In addition, at least one GAP for

Arl2, ELMOD2, which is also reported to possess GAP activity

against Arf1 and Arf6, has no homology to typical Arf GAPs

[Bowzard et al., 2007]. Since all three ciliary Arls are expressed in

ciliated organisms, and most importantly, only in ciliated cells in

model organisms, there is a good reason to speculate that the

effectors of these ciliary Arls might also be cilia-specific. Focusing

on the candidates in the existing ciliary proteome library could be a

shortcut for the future characterization process.
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