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Abstract  

 

The Arf family GTPases are regulators of eukaryotic cellular organization, with functions in 

processes such as vesicle budding, membrane tethering, microtubule dynamics, actin 

cytoskeleton regulation and lipid dynamics. We describe the evolution of this protein family 

and its well-studied regulators. The last eukaryotic common ancestor had fifteen members, 

and the current complement of Arf GTPases has been sculpted by gene loss and gene 

duplications since that point. Some Arf family GTPases (such as those which recruit vesicle 

coats in the secretory pathway) are present in virtually all eukaryotes, whereas others (such 

as those functioning in cilia and flagella) have a more limited distribution. A challenge for 

the future is understanding the full spectrum of Arf family functions throughout eukaryotes. 

 
 
Introduction 
 
Arf family proteins are key regulators of cellular organization in eukaryotic cells, functioning 

in the secretory and endocytic pathways, at mitochondria, in cilia and flagella, in actin 

cytoskeleton regulation, and in microtubule dynamics. This family of GTPases includes Arf, 

Arl, and Sar proteins, as well as Arfrp1 and ARD1/TRIM23 (Box 1). Arf family GTPases are 

found throughout eukaryotes, and many are highly conserved across a broad range of 

animals, plants, fungi and protists [1]. Here we review the latest developments in the 

evolution and functions of Arf family GTPases in eukaryotes.  

 

____________________________ 

Box 1  

The different names of Arf family proteins (Arf, Arl, Sar, Arfrp1, ARD1, etc.) does not indicate 

fundamental differences in their cellular functions. Arf1 (for ADP ribosylation factor 1), the 

first Arf protein identified, was discovered as a factor stimulating ADP ribosylation of the a 

subunit of the heterotrimeric G protein Gs (Gsa) by cholera toxin, stimulating the 

production of the second messenger cAMP [2]. Later it was found that a major cellular 

function of Arf1 is in regulation of the secretory pathway [3], as well as other cellular 

processes [4,5], and its ADP ribosylation co-factor activity does not appear to contribute to 

these normal cellular functions. As more proteins related to Arf family proteins were 
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identified, the lack of a systematic approach led to problems in assigning names. In 2006, a 

consensus nomenclature was agreed upon [6]. We will refer to all of these GTPases as “Arf 

family proteins“. The SRb proteins are phylogenetically related to the Arf family proteins [7], 

but are not included here in our definition of Arf family proteins. 

____________________________ 

 

As for small G proteins in general, Arf family proteins act as molecular switches, 

inactive in their GDP-bound form, and active when bound to GTP (Figure 1a). Arf1, and 

many other members of the family, are soluble in their GDP-bound form but are tightly 

membrane-bound in their active GTP-bound form [4,5]. The change in membrane 

association does not rely on other proteins, but is due to a second conformational change 

within the protein itself upon GTP binding (Figure 1a). Unique to Arf family proteins is the 

presence of an N-terminal amphipathic helix (AH), often myristoylated, that mediates 

membrane binding (Figure 1a). Although the majority of Arf family proteins have this 

mechanism of membrane association, there are some exceptions [7–9].  

Effectors, proteins which interact with the active GTP-bound form, carry out the 

cellular functions of Arfs. The majority of Arf family proteins, whose GTP-bound form is 

membrane-bound, recruit effectors to the membrane surface, making the membrane an 

important component of Arf function (Figure 1a). The major classes of effectors are vesicle 

coats, membrane tethering proteins, lipid modifying and transfer proteins, cytoskeleton 

components (actin and microtubule), and microtubule motors and their adaptors.  

Arf family proteins in eukaryotes require regulators, guanine nucleotide exchange 

factors (GEFs) and GTPase activating proteins (GAPs), to accelerate release of GDP and 

hydrolysis of GTP, respectively (Figure 1a). Sec12 was identified as a GEF for Sar1 on the ER 

membrane [10], and Sec7 domain proteins were identified as GEFs for Arf1 [4]. Whereas 

only one family of Sec12 GEFs has been found, multiple subfamilies of Sec7 domain proteins 

were identified, with activities on Arf1-6 and Arl1 [4,11,12]. It is only recently that new 

families of Arf GEFs have been identified. Arl13b and BART are both required for GEF activity 

on Arl3 in cilia [9,13], and AMPK has been found in both yeast and mammalian cells to 

activate Arf6 (called Arf3 in yeast) [14,15]. In both organisms, AMPK activates Arf6/yArf3 in 

response to glucose depletion [14,15]. Sec23, a component of the COPII coat, acts as a GAP 

for Sar1, and the Zn-finger domain containing proteins are GAPs for Arf1-6 and Arl1, 



 4 

comprising 11 subfamilies [5,16,17]. Three additional families of Arf GAPs were 

subsequently identified. The ELMOD proteins have a relatively broad range of activities on 

Arf family proteins, including Arf1-6, Arl1, Arl2 and possibly ciliary Arl3 and Arl13b 

[18,19]. RP2 is a GAP that acts on Arl2 and Arl3, and has been characterized in animal cells 

and yeast [20]. Recently, an Arf GAP complex containing longin domains, the C9orf72 

complex, was described that functions on Arf1, Arf5 and Arf6 [21,22]. 

 

Sculpting ancestral complexity by gene loss is a major pattern of Arf family evolution 

A recent comprehensive phylogenetic analysis of Arf family proteins has provided new 

insights into these important regulators of eukaryotic cellular organization (Figure 1b) [7]. 

The most notable result was the reconstruction of the complement of Arf family members in 

the last eukaryotic common ancestor (LECA), which turned out to be larger than previously 

suspected (Figure 2). In addition to paralogs typified by metazoan, usually well-studied 

proteins (Arf1 and 6, Arl1, 2, 3, 5, 6, 8, 13, and 16, Arfrp1, and Sar1), the LECA seems to have 

encoded three additional Arf family members that are absent from virtually all metazoans 

and which were denoted Arl17, Arl18 and SarB. Thus, these three proteins qualify as so-

called jotnarlogs, proteins that are ancient in eukaryotes yet (secondarily) missing from 

opisthokonts [23]. In total, the LECA was most likely endowed with 15 different Arf family 

genes, a complement larger than that present in many extant eukaryotes.  

Indeed, gene loss has been pervasive in the evolutionary history of the Arf family, 

with some of the ancestral members lost many times independently across the eukaryote 

phylogeny. As an example, let us take you on a journey through time, following the fate of 

the Arf family along the organismal line of descent from the LECA to one of the most 

extensively studied biological model systems, the yeast Saccharomyces cerevisiae. We base 

the narrative on the previous published data [7] with updates that fill in critical gaps in the 

taxon sampling (Figure 2). 

The first change to the LECA’s Arf family gene set was the loss of Arl18 deep in the 

eukaryote tree (prior to the divergence of Amoebozoa). The last common ancestor of the 

eukaryote supergroup Opisthokonta thus inherited a nearly complete ancestral set of Arf 

family members. From this point on, the yeast lineage experienced a stepwise reduction of 

the set, with Arl16 loss having occurred immediately after the divergence of the Holozoa 

lineage (containing metazoans and their closest protist relatives), followed by loss of the 
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SarB gene after the divergence of Nucleariida (a group of amoeboid protists). As the yeast 

ancestors were still flagellated at this point, they had retained the flagellum-associated 

GTPases Arl3, Arl6, and Arl13, but these vanished with the loss of the capability to build 

flagella later in the evolution of fungi. Arl5 was then lost in the stem branch of the major 

fungal phylum Ascomycota, and Arl17 in the stem branch of its subphylum 

Saccharomycotina. The final loss event, removing Arl8, occurred late in the S. cerevisiae 

evolutionary lineage. As a result, budding yeast has retained only six out of the 15 ancestral 

Arf family members. 

 

Gene duplication also shapes the Arf family in a taxon-specific manner 

The final event in the genesis of the S. cerevisiae Arf family gene set was duplication of the 

ancestral Arf1 gene yielding a pair of lineage-specific paralogs (Arf1 and Arf2), which was 

part of the whole genome duplication (WGD) that occurred in the common ancestor of 

Saccharomyces and several related genera [24] (Figure 2). Although not the case for S. 

cerevisiae, taxon-specific expansions of the Arf family by gene duplication have been 

pervasive across eukaryotes in general. Let us illustrate this general pattern by again 

following the evolutionary trajectory of the Arf family in a single specific organismal lineage, 

this time the one leading to us, humans (Figure 2). 

We start with the last common ancestor of opisthokonts, when the human lineage, 

as part of the clade Holozoa, diverged from that leading to yeasts. In contrast to the yeast 

lineage, the stem branch of Holozoa was instead evolutionarily creative, as emergence of 

three novel Arf family members can now be mapped to it: Arf4, Arl15 and Arl19. Arf4 and 

probably Arl19 emerged via duplication of the ancestral Arf1 gene, whereas the origin of 

Arl15 has been obscured by extreme sequence divergence. At a later point of the holozoan 

phylogeny but still during its “protist stage”, another paralog, Arl20, emerged again 

presumably from a duplicated Arf1 gene. 

In contrast to numerous novel paralogs in the Rab family of GTPases evolved during 

the transition to multicellularity in the stem branch of Metazoa [25], the history of the Arf 

family is marked only with the addition of a single new gene, Arl10, and also by loss, namely 

of SarB. Two additional novel family members, Arl4 and the multidomain protein TRIM23, 

evolved in early metazoan evolution, the former from a duplicate of Arl19 and the latter 

perhaps from a duplicated Arf1 gene by its fusing to a region encoding additional protein 
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domains [7]. Around the same time, Arl17 was lost from the human ancestors, later 

followed by loss of Arl20 before the emergence of vertebrates. 

The composition of the Arf family set was then affected by two WGD rounds in early 

vertebrate evolution, one most likely preceding the divergence of cyclostomes and the 

other specific for jawed vertebrates [26]. These events together with post-WGD losses of 

some of the duplicates seem to be the major cause for some of the Arf family genes 

inherited from the invertebrate ancestor being represented by two or three different copies 

in the genome of humans and other vertebrates (Figure 2). The nomenclature of the WGD-

derived copies (also known as ohnologs [27]) reflects their common origin in an inconsistent 

way, with, eg., the Arl8a/Arl8b pair being not different in this regard than, eg., the Arf4/Arf5 

pair. Another pair of ohnologs, Arl11 and Arl14, itself seems to have emerged from a 

vertebrate-specific parental gene that evolved before the WGD rounds from a duplicated 

Arl4 gene by its substantial sequence divergence. The final steps towards the Arf family 

gene complement as represented in the human genome were losses of the Arl19 and Arf2 

genes at different nodes of mammalian evolution (Figure 2).  

  In general, the outcomes of the duplication events in the Arf family history span a 

broad gradient from augmenting the Arf family by extra copies of some of the genes that 

are identical or extremely similar at the protein sequence level, to the emergence of “novel” 

paralogs that have diverged from their parental gene to such an extent as to effectively 

obscure the specific origin of the gene. We will provide examples below of the functional 

significance of duplications, which can be more or less asymmetric. The emergence of 

“novel” paralogs is not exclusive for the human (holozoan) evolutionary lineage, as 

divergent Arf family members dissimilar to any of the 15 ancestral paralogs are common in 

diverse eukaryotes [7]. 

 

Evolution of Arf family regulators 

As compared with the Arf family of GTPases, our understanding of the diversity and 

evolution of its regulators is less developed. Nonetheless, the work to date brings out 

several key points of both contrast and parallel. Whereas the Arf family is derived from a 

common ancestor, the same is not true of either GEFs or GAPs, which have arisen from 

different non-homologous protein families. Still, the themes of protein family expansion, 

loss, and novel paralogs are also found in the regulators (Figure 3).  
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 Reaching back to the LECA, we see that of the eight subfamilies of Sec7 domain Arf 

family GEFs in humans, three (GBF, BIG, and cytohesin) [11], along with the Sar1 GEF Sec12 

[28] and AMPK [29], were already present. The Sar1 GAP Sec23 was present in at least one 

copy [28], seven subfamilies of Zn-finger domain Arf GAPs were present [17], and at least 

one (possibly two) ELMOD Arf GAPs were present in LECA [19]. ELMOD family proteins have 

recently been functionally characterized in Arabidopsis [30] and localized in Trypanosoma 

brucei (http://tryptag.org/?id=Tb927.9.2670) [31].  

There are several novel domain architectures of both GEFs and GAPs found in 

various eukaryotic lineages (Figure 3). ArfGAP_C2 has not been found in humans or other 

opisthokonts, making it a jotnarlog, but is present in plants, haptophytes, apusomonads, 

and members of the SAR clade [17]. ArfGAP_C2 possesses the canonical Zn finger Arf GAP 

domain, followed by a C2 lipid-binding domain. Novel cytohesin-derived Arf GEFs (ARCC) 

with multiple N-terminal ankyrin domains exist in amoebozoans, haptophytes, and 

alveolates [11]. Careful analysis showed that ARCC Arf GEFs must have evolved 

independently in amoebozoans and alveolates, at least [11].      

Loss has also clearly shaped the complements of Arf family regulators. One of the 

starkest examples of reductive evolution is the regulator complement found in the 

metamonad lineage leading to the gut parasite Giardia (Figure 3). In this case, both the free-

living and parasitic organisms sampled encoded only two SEC7 Arf GEF subfamilies and 

three Zn finger Arf GAP domain subfamilies [32]. And yet with loss also came paralog 

expansion. While the Arf6 subfamily has been lost from this lineage, the Arf1 subfamily has 

been expanded at multiple time points [32]  

Jumping to the ancestor of animals and fungi (opisthokonts), we see another point of 

contrast between the GTPases and their regulators. While there is little emergent novelty 

between the LECA and the opisthokont ancestor in the Arf family, several new GEFs and 

GAPs have appeared on the scene by this time (Figure 3). The EFA6 subfamily (PSD in 

animals) is a cytohesin derivation and had clearly already evolved at this point. Similarly, 

though ArfGAP_C2 has been lost, the Arf GAP ASAP emerges by this time [17]. Finally, by 

this time, through gene duplication and novel domain fusions, the ELMO proteins arose. 

However, these proteins are not Arf GAPs because their ELMO domains have lost the 

catalytic arginine [19].    
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The ancestor of animals is the border between uni- and multi-cellularity in this 

lineage and an area of active and exciting research into the under-appreciated diversity of 

small predatory flagellates that were our ancestral form [33]. Here both the GTPases and 

their regulators have undergone duplications to produce new members of each family, 

although the new regulators have not emerged to regulate only the newly evolved Arf 

family members. Just as several new GTPases are on scene by this time, the ArfGEFs IQSEC7 

and BRAG, both cytohesin derived, had appeared by this stage [11], as did the Arf GAP 

subfamilies GIT and ARAP [17]. Finally, the complement of Arf regulators was shaped 

extensively by the WGDs around the evolution of vertebrates, with between two and four 

paralogs of each of the regulators appearing by the time of the vertebrate common 

ancestor [11,17,19].   

 

Functions of Arf family proteins  

Of the 15 Arf family proteins already present in the LECA (Figure 1b), 12 have known 

functions [7]. These functions include coat recruitment by Sar1, Arf1, Arl6; microtubule 

dynamics by Arl2, Arf1, Arf6, Arl8; Golgi tethering by Arf1, Arl1, Arl5, and Arfrp1; cilia 

function by Arl3, Arl6, Arl13, Arl16 (in addition to Arl2, Arf4 and Arf6); regulation of the actin 

cytoskeleton by Arf1 and Arf6; and lipid dynamics and homeostasis by Arf1, Arf6, Arl5 and 

Arfrp1. A full discussion of Arf family function is beyond the scope of this review, so we will 

focus on core functions and key advances made in the past two years in understanding 

these functions, at the molecular level.  

Arf1 and Sar1 were found in every one of the eukaryotic genomes examined in 

Vargová et al. [7]. Both Sar1 and Arf1 regulate recruitment of vesicle coats for vesicle 

formation in the early secretory pathway – anterograde ER-Golgi COPII vesicles in the case 

of Sar1, and retrograde Golgi-ER COPI vesicles in the case of Arf1. Secretion is an essential 

function in eukaryotic cells, and recruitment of the COPI and COPII coats by Arf1 and Sar1, 

respectively, has been demonstrated experimentally in all eukaryotes examined, including 

animals, fungi, plants and protists [34–38]. Arf1 also recruits at least four other coat 

complexes to trans-Golgi and endosomal membranes, AP-1/clathrin, GGA/clathrin, AP-3 and 

AP-4. Three of these vesicle coats, in addition to COPI and COPII, are all inferred to have 

been present in LECA [39]. Hence coat recruitment for vesicle formation represents a core 

function of Arf family proteins, which was likely present in the LECA.  
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Arf6 functions in endosome-plasma membrane trafficking pathways and not at the 

Golgi as Arf1 does [4,5]. Arf1 and Arf6 were both present in LECA, indicating an ancient 

division of functions [7]. The four human Arf1 paralogs (Arf1-5, Arf2 is missing due to loss, 

see above) have been shown to promote formation of COPI vesicles in vitro, although only 

Arf1, Arf4 and Arf5 are found on COPI vesicles purified from cells [40]. Systematic knockouts 

of the four paralogs in HeLa cells revealed a high level of redundant function [41]. Single 

deletions of Arf1 or Arf4 were viable, but the double deletion mutant was inviable, 

indicating redundant functions essential for growth. This result illustrates the principle that 

after gene duplication during evolution, a certain degree of functional redundancy of the 

copies may persist over long periods (Figure 2). However, analysis of individual knockout 

phenotypes indicated that Arf1 and Arf4 have specialized functions as well: Arf4 in retrieval 

of resident ER proteins from the cis-Golgi and Arf1 in exit pathways from the Golgi mediated 

by COPI, AP-1 and AP-3 coats [41].  

After Arf1 and Sar1, Arl2 is the next most widely distributed Arf family member 

among eukaryotes, with its loss so far encountered only in the genus Entamoeba [7]. The 

most universal function of Arl2 is as a chaperone for the folding of a- and b-tubulin. As a 

result, Arl2 is involved in numerous microtubule-dependent processes. In addition, Arl2 

shares functions with the closely related Arl3 in cilia and flagella, as well as regulating 

mitochondrial function [8,42,43].  

Multiple Arf family GTPases regulate movement of organelles along microtubules, 

including movement of Golgi elements to the cell center by Arf1 [44], and bidirectional 

movement of endosomes at the midbody by Arf6 [45,46]. Recently, a series of papers have 

demonstrated the mechanisms by which Arl8 regulates bidirectional movement of 

lysosomes along microtubules. Arl8 interacts with SKIP on lysosomal membranes to couple 

them to kinesin-1, thus promoting movement of lysosomes towards the periphery of cells 

[47]. Arl8 can also interact with RUFY3 and RUFY4, which interact with dynein-dynactin to 

mediate movement of lysosomes towards the minus end of microtubules at the cell center 

[48,49]. In this way, Arl8 can regulate bidirectional movement along microtubules, through 

binding to different effectors. Together, these results show that Arf family proteins have a 

prominent role in microtubule dynamics.  

Arl1, Arl5 and Arfrp1 are found in all of the main eukaryotic lineages, but are lost 

more frequently (mainly in terminal branches) compared to Sar1, Arf1 and Arl2 [7]. Arl1 
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shares a number of functions with Arf1, and they also share a GEF and GAP [12,16], but Arl1 

and Arl5 are more closely related phylogenetically (Figure 1b) [7]. Arf1, Arl1 and Arl5 share 

the function of recruiting tethers to Golgi membranes: coiled-coil tethers by Arf1 and Arl1, 

and multisubunit tethers by Arl5 [5,50,51]. Interestingly, Arfrp1 acts upstream of both Arl1 

and Arl5 to coordinate recruitment of coiled-coil golgin tethers to the Golgi by Arl1 and 

multisubunit tethers by Arl5 [51], and has been shown to promote secretion of insulin [52].  

Four families of Arf family proteins present in LECA, Arl3, Arl6, Arl13 and Arl16, have 

primary functions in cilia and flagella. It was only with the extensive phylogenetic analyses 

of Arf family proteins that the ciliary function of Arl16 was uncovered [53]. Arl16 localizes to 

cilia in mammalian cells, and its deletion in mouse or human cells causes defects in cilia 

formation and morphology, at least in part due to a defect in trafficking of certain ciliary 

proteins from the Golgi to the cilium [53]. Arl3 and Arl13b have well-established functions in 

mediating localization of lipidated and transmembrane proteins to the cilium [13]. BBSomes 

are structures that are transported along the axonemal microtubules to the tip of the cilium, 

where they are loaded with cargo (for example, signalling molecules to be removed from 

the cilium) and then transported back to base of the cilium. Arl6 functions to recruit the 

BBSome to membranes, after which it enters the cilium, and then connects to the IFT 

machinery [5]. Two recent studies in Chlamydomonas reinhardtii report new roles for Arl3 

and Arl13b in promoting BBSome-mediated export from the cilium [54,55]. Arl3-GTP binds 

to retrograde BBSomes shed from the IFT train, which specifically contain phospholipase D 

(PLD) [56], an effector of Arl3 [54,55]. In addition to the cilia/flagella-specific Arf family 

proteins, Arl2 and Arf4 also function in cilia [4,5,8]. Recently, Arf6 has also been shown to 

function with its GEF EFA6A and Arl13b in early steps of ciliogenesis [57].   

Arf family proteins regulate the actin cytoskeleton [4,5]. The small GTPase Rac is 

particularly important in actin cytoskeleton regulation, and Arf6 recruits effectors that 

contain Rac regulatory domains [4,5]. In addition, both Arf1 and Arf6 cooperate with Rac to 

activate the WAVE regulatory complex (WRC), a crucial actin nucleation promotion factor. A 

recent study shows that Arf1 and Arf6 directly interact with WRC to promote actin 

nucleation [58]. The WAVE complex was present in the LECA [59], raising the possibility that 

Arf family regulation of actin nucleation is ancient.   

A major class of Arf family effectors is comprised of lipid modifying and transfer 

proteins [4]. Arf6 regulates plasma membrane composition through recruitment of 
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phospholipase D1 (PLD1) and PI4P-5 kinase [4,60]. PLD1 is also an effector for Arf1, and PI4 

kinases are recruited to the Golgi by Arf1 [60–62].  In a global Arf effector screen [63], Li et 

al. demonstrated that Arl11 and Arl14 have PLD1 as an effector. Both Arf1 and Arf6 interact 

with and stimulate PLD1 activity in vitro, but Li et al. found that PLD1 is much more strongly 

associated with Arl11 and Arl14 than Arf6 in co-immunoprecipitations from cells. Moreover, 

Arl11 and 14 colocalized with PLD1 in cells, and stimulated its activity in vitro [63]. Arl11 and 

Arl14 are closely related, as described above [7]. Similarly, although Arf1-GTP has been 

previously reported to interact with PI4kinase b, Li et al. found that Arl5a and Arl5b interact 

to a higher level in co-immunoprecipitations with PI4kinase b than Arf1 does [63]. An 

independent study identifying interacting partners of Arl5b did not identify PI4kinase b, but 

did find Acyl-CoA-binding domain-containing protein 3 (ACBD3), which has been shown to 

recruit PI4kinase b to the trans-Golgi [64].  

 

Structural insights into Arf family function 

Although 3D structural analyses were essential to elucidate the mechanisms of the GDP/GTP 

cycle of Arf family proteins, as well as to visualize interactions with their protein partners, 

the crystallographic approach is limited, especially because of the absence of membranes, 

which are essential for the functioning of many Arf family proteins. Cryogenic electron 

microscopy (cryo-EM) and tomography (cryo-ET) approaches have been used to address this 

limitation. These approaches were used to resolve the structure of the Sar1-COPII coat 

complex reconstituted on membranes, permitting visualization of the Sar1 AHs embedded 

in the membrane and determining how the inner COPII coat deforms the membrane to form 

a vesicle [65]. Recently, the cryo-ET structure of Arf1 bound to AP-1 complexes on 

liposomes, in the absence of clathrin, was visualized [66]. AP-1 complexes form the inner 

layer of clathrin coats, but also play roles in clathrin-independent membrane trafficking. 

These data reveal that myristoylated Arf1 and AP-1 are able to form a tubular coat on 

membranes independently of clathrin, through an Arf1 dimer interface [66]. 

The seven-subunit COPI complex associated with Arf1 has been visualized on 

membranes, revealing that Arf1 occupies two distinct sites in very different molecular 

environments in the COPI coat [67]. The basic unit of the assembly is a triad of the 

multimeric COPI complex containing six Arf1 molecules. The complete binding site for 
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ArfGAP2, near the central Arf1 molecule, was predicted to form only when the coat is 

assembled, in a “niche” between two leaves within the triad [67], a hypothesis supported by 

the fitting of the recent crystal structure of ArfGAP2 bound to Arf1 [68] into the cryo-ET 

density. In a different, but equally exciting direction, cryo-ET can be used to visualize 

complexes in their native environment within cells. In the case of COPI, Chlamydomonas 

provided the ideal system to visualize coated vesicles, and allowed the structure of the COPI 

coat within cells to be resolved to 20 Å resolution [69]. An important conclusion from these 

studies is that the structure of the COPI coat is remarkably similar in distantly related 

organisms, including mammals, fungi and Chlamydomonas. 

Cryo-EM  and cryo-ET have also been used to determine the 3D structures of Arf 

family proteins bound to very large, multidomain complexes [22] or multisubunit proteins 

[70], which often have disordered regions or interdomain flexibility that make crystallization 

difficult. The three-subunit Arf GAP complex (C9orf72:SMCR8:WDR41) described above 

belongs to a family of  dimeric longin-DENN domain complexes [21,22]. The cryo-EM 

structure of Arf1 bound to the C9orf72:SMCR8:WDR41 complex showed that the longin 

domains of C9orf72 and SMCR8 form the binding site for Arf1 and act together to stimulate 

Arf1 GTP hydrolysis by an arginine finger mechanism [22]. This complex is the first multi-

subunit GAP to be identified for Arf famiy proteins.  

 

Conclusions and future directions 

In this review, we have described some key aspects of the evolution of the Arf family 

GTPases and their regulators in eukaryotes, and highlighted the latest advances in 

understanding their major functions. The last eukaryotic common ancestor (LECA) contained 

an unexpectedly large number of Arf family proteins, and thus many organisms have 

undergone significant loss of this ancient set. Even the human Arf family gene set records a 

history of gene loss, thus lacking three ancestral paralogs as well as two novel Arf family 

members (Arl19 and Arl20) that emerged more recently. Being absent also from other well-

studied organisms, their function remains completely unknown. Humans and other 

vertebrates have nevertheless undergone duplication events through their evolutionary 

history, leading to a doubling of the current repertoire of Arf family proteins in extant 

organisms compared to LECA.  
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The combination of improvements in genome sequencing, and organism discovery, 

continues to provide fertile ground for improved evolutionary investigations of protein 

families. Phylogenetic analyses described here for the Arf family and the best-studied Arf 

family regulators can now be applied to newly identified GEFs and GAPs, as well as effectors, 

an exciting area for future exploration. Advances in imaging technologies have made it 

possible to push past previous limitations in structural biology, and coupled with cell 

biological and biochemical studies, is providing new insights into the mechanisms of Arf 

family protein function. Cryo-electron tomography can be used to obtain high resolution 

structures of large complexes within cells, in their native environments, an approach that 

has already been used to obtain structures of the Arf1-COPI coat. These approaches promise 

to revolutionize our understanding of cellular processes at the molecular level, in both well-

studied organisms and in the diversity of less well studied eukaryotes. 
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Figures 
 

         
 

Figure 1. General overview of the function and phylogenetic diversity of the Arf family.  

a) Activation cycle of Arf family GTPases on membranes. The inactive form of an Arf family 

protein bound to GDP (red) is cytosolic with its amphipathic helix (AH) (often myristoylated, 

a

b
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wavy black line) folded back on the core protein and its interswitch region retracted. 

Guanine nucleotide exchange factors (GEFs) (light grey) interact with Arf proteins (yellow) 

on the membrane, and trigger GDP to GTP exchange and the interswitch toggle (red arrow). 

This change in conformation of the interswitch region results in its movement into the 

hydrophobic pocket, displacing the AH. The active Arf-GTP (green) is bound to the 

membrane with the AH inserted into the cytosolic leaflet of the bilayer. Arf-GTP specifically 

interacts with other proteins, called effectors (dark grey), which carry out their downstream 

functions. GTPase activating proteins (GAPs) (grey) interact with Arf-GTP on the membrane 

and stimulate GTP hydrolysis and the interswitch toggle (red arrow). Arf-GDP is released to 

the cytosol with the AH folded back on the core protein. As shown here, Arf1 and several 

other Arf family proteins have been demonstrated to be cytosolic in their GDP-bound form, 

but others can bind membranes due to interaction of their GDP-bound form with 

membrane proteins.  

b) Maximum likelihood phylogenetic tree (IQ-TREE, LG+I+G4 model) inferred from a 

reference set of Arf family protein sequences from diverse eukaryotes (adopted with 

modifications from Vargová et al. [7]). Clades corresponding to the 15 ancestral eukaryotic 

paralogs are annotated and distinguished by different colors. The SarB group appears as a 

paraphyletic grade basal to Sar1, but the unity of SarB as a separate paralog is supported by 

sharing specific intron positions and sequence signatures. Branches separating the different 

ancestral paralogs are marked to indicate branch support values according to the legend in 

the bottom right corner. The support values correspond to posterior probabilities 

(calculated with MrBayes), SH-aLRT test values, and ultrafast bootstrap values (both 

calculated with IQ-TREE).  

Reproduced from Vargova et al. 2021 [7], 

https://academic.oup.com/gbe/article/13/8/evab157/6319025. Licensed under CC BY 4.0. 
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Figure 2. The evolutionary trajectory of the Arf family from the last eukaryotic common 

ancestor (LECA) to budding yeast (S. cerevisiae) and humans. The schematic phylogenetic 

tree is based on a synthesis of recent phylogenomic literature and shows the consecutive 

divergence of “side” lineages along the evolutionary paths towards the two focal taxa. Three 

types of evolutionary events shaping the Arf family are mapped onto the paths: loss of a 

particular gene; emergence of a “novel” Arf family member, which equals a duplication of 

one of the pre-existing genes followed by substantial divergence of one of the duplicates 

(when know, the parental gene is indicated in brackets, with an arrow pointing to the 

“novel” descendant gene); gene duplication, which corresponds to situations where the fate 

of the duplicates was more symmetrical (in terms of sequence divergence) than in the 

previous case. For the duplications, the resulting genes are listed (separated with a slash), 

with one of the descendants retaining the name of the parental gene (then listed first; eg. 

the Arf1/Arf4 pair in early Holozoa emerged by duplication of the ancestral Arf1 gene) or 

with the descendants designated by the name of the parental name extended by a suffix (  

Sar1a and Sar1b resulting from duplication of the parental Sar1 gene). The history of the Arf 

family as presented in the figure is based on results reported by Vargová et al. [7] and 

Dewees et al. [53], with substantial updates based on checking the occurrence of the 

different Arf family members in additional eukaryote lineages that were not previously 

analysed. Briefly, for Arf family genes previously inferred to have been lost at a particular 

node of the yeast or human evolutionary lineages, the possible presence of putative 

orthologs was probed in previously untested taxa descendant to the respective node. 

Analogously, for Arf family members previously inferred to be evolutionary novelties of a 

particular organismal clade, the possible presence of orthologs was checked in the 

previously unsampled outgroup taxa. As a result, losses or origins of certain Arf family genes 

were thus pushed to more recent or older nodes, respectively. For instance, SarB, which was 

previously thought to have been lost already prior to the emergence of opisthokonts [7], 

was now newly identified in several opisthokont taxa (Nucleariida, Filasterea, 

Choanoflagellata), indicating it was lost independently in the early history of the 

Holomycota and Holozoa lineages. Similar re-evaluations implying a more recent loss 

concern Arl17 (not previously known to occur in basal holozoan lineages including sponges) 

and Arl19 (now identified in multiple vertebrate lineages including monotreme mammals). 

On the other hand, Arl15 and Arl19 now seem to have emerged already in the stem branch 
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of Holozoa, i.e. earlier than reconstructed previously, owing to their identification in 

previously untested representatives of the basal holozoan lineages. The assignment of Arf 

family genes in the newly analysed taxa to specific Arf family members was primarily based 

on BLAST searches against the curated sequence set reported by Vargová et al. [7], 

combined in some cases with the inspection of intron positions (which proved instrumental 

in defining orthologous relationships in some cases where sequence comparisons or 

standard phylogenetic analyses did not provide sufficient resolution [7]). The newly 

identified Arf family genes with details on the sequence sources are listed in supplementary 

Table S1 available XXXXX (URL to be added in revision). The set of gene duplications mapped 

to early vertebrate evolution (prior to the divergence of Chondrichthyes) presumably results 

from two WGD rounds, as follows from consulting the OHNOLOGS version 2.0 database 

(http://ohnologs.curie.fr/; [27]). The relation of the duplications with respect to the 

divergence of jawless vertebrates (cyclostomes) remains unclear, as indicated in the figure 

by the dashed lines connecting cyclostomes to the vertebrate main trunk at two alternative 

positions. 
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Figure 3. Evolution of Arf GAPs and GEFs across eukaryotes. This cartoon illustrates a highly 

simplified depiction of the eukaryotic tree. Some of the major groups of eukaryotes, and 

their interrelationships are shown, with emphasis on specific examples from the text or on 

major medically relevant organisms, with the diseases caused given after the hyphen in such 

cases. The diagram is not to scale. Note that the different groups highlighted are not at 

equivalent levels, and as in Figure 2, the Holomycota and Holozoa lineages are highlighted 

(left). Losses, duplications, and convergent gene fusions of GAP and GEF families are 

mapped, noting that only the losses explicitly stated in the text are mapped on the tree. 

Symbols, and colouration is as in the inset legend. 
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