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Molecular switches of the ADP-ribosylation factor (ARF) GTPase family coordinate
intracellular trafficking at all sorting stations along the secretory pathway, from the
ER-Golgi-intermediate compartment (ERGIC) to the plasma membrane (PM). Their
GDP-GTP switch is essential to trigger numerous processes, including membrane
deformation, cargo sorting and recruitment of downstream coat proteins and effectors,
such as lipid modifying enzymes. While ARFs (in particular ARF1) had mainly been
studied in the context of coat protein recruitment at the Golgi, COPI/clathrin-
independent roles have emerged in the last decade. Here we review the roles of
human ARF1-5 GTPases in cellular trafficking with a particular emphasis on their roles
in post-Golgi secretory trafficking and in sorting in the endo-lysosomal system.
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INTRODUCTION

ADP-ribosylation factor GTPases are major regulators of intracellular trafficking. Based on
sequence similarities, they have been classified into type I (ARF1-3; humans lacking ARF2), type
II (ARF4 and ARF5) and type III with the only member being the PM-localized ARF6. ARFs on/off
switch is tightly regulated by guanine nucleotide exchange factors (GEFs), that turn ARFs on and
GTPase activating proteins (GAPs), that trigger GTP hydrolysis, returning ARFs to the off state
(Sztul et al., 2019). Hence, GEFs and GAPs establish the duration of signaling driven by specific
ARFs. Activation of ARFs by GEFs triggers exposure of a N-terminal amphipathic helix that is
important for membrane association and has an active role in membrane curvature generation
(Beck et al., 2008). GTP binding and the downstream conformational changes in ARFs are crucial
for effector recruitment and to trigger a specific biological response. Importantly, while numerous
ARF GEFs and GAPs have been identified, not much is known about which GEF/GAP/ARF
coordinates which specific cellular function (for a more in-depth review regarding the function
and localization of the ARF GEFs and GAPs see Sztul et al., 2019). Intriguingly, although the
ARF-GTP conformation is referred to as the “active” state, ARF proteins can also interact with
effectors in the “inactive” ARF-GDP bound state. This is the case of ARF6-GDP, which engages with
regulators of other small G proteins, raising the interesting possibility that GDP and GTP bound
ARF6 would lead to activation of alternate signaling pathways depending on the bound nucleotide
[reviewed in Donaldson and Jackson (2011)]. Turning off ARFs is also crucial for their function
as failure to inactivate ARFs can block downstream trafficking. For example, a GTP-locked ARF6
mutant blocked membrane recycling between the PM and endosomes (Eyster et al., 2009) and the
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GTP-locked form of ARF1 prevented cargo loading into COPI
vesicles (Malsam et al., 1999), highlighting the importance of
GTP hydrolysis beyond being a mere turning off switch.

ADP-ribosylation factors are highly conserved in sequence
and structure, with type I ARFs >96% identical, type II
ARFs 90% identical to each other and 80% identical to type
I ARFs and ARF6 >65% identical to type I and II ARFs.
ARFs possess two switch regions (switch I and II), which
change conformation upon GTP binding and mediate the
interaction with effectors and regulators. In all ARF family
members, switch I and II are almost identical (Goldberg,
1998; Pasqualato et al., 2001). Due to the very high sequence
and structural similarities, it is still unclear what drives ARFs
association with different intracellular membranes and how
effectors are differentially recruited to trigger a specific cellular
response. Interestingly, GTP-bound, but not GDP-bound, ARF1
and ARF6 are structurally very similar, suggesting ARFs may
discriminate between effectors in their inactive form (e.g.,
binding to different GEFs for activation). The structures of
GDP-bound ARF6 and ARF1 show that differences in sequence
outside of the switch regions result in conformational differences
within the switch regions, possibly driving the specificity for
regulators in living cells (Menetrey et al., 2000). While structural
differences have been highlighted for ARF1 and ARF6, which
are the most divergent ARFs in sequence, structural data
is not available for the other type I and II ARFs with a
higher degree of sequence similarity. Recruitment of ARFs to
intracellular membranes was also shown to be driven by the
interaction of ARFs with specific membrane localized receptors.
A specific 16 amino acid sequence in ARF1 is responsible for its
recruitment to early Golgi cistearnae via the SNARE membrin
(Honda et al., 2005). ARF1-GDP is additionally recruited to
the Golgi via binding to p23, a member of the p24 family of
transmembrane proteins via its C-terminus. The trans-Golgi
network (TGN) localization of ARF3 is also determined by
its C-terminus, making it unlikely that membrane association
is driven by the interaction with the activating GEF, as the
surface interacting with the Sec7 domain lies on the opposite
side of the protein. This suggests the presence of a yet to be
identified receptor for ARF3 recruitment to the TGN membranes
(Manolea et al., 2010).

In terms of cellular functions, the role of ARF1 in the
formation of COPI vesicles at the Golgi has been extensively
studied through in vitro reconstitution or hybrid approaches
using COPI budding assays in semi-permeabilized cells and
purified Golgi membranes (Orci et al., 1986; Reinhard et al., 2003;
Adolf et al., 2013). These studies led to a detailed molecular
understanding of the ARF on/off switch. However, in the test
tube, the specificity of action driven by the specific recruitment
of a GTPase and its regulators to a sub-cellular membrane is lost.
Studies of ARF function had initially been primarily focused on
understanding how ARF1 regulates COPI coat recruitment. In
the last decade, various publications have highlighted the roles
of type I and II ARFs in post-Golgi trafficking steps, including
exocytosis, endo-lysosomal trafficking and also coat-independent
mechanisms of action. In this short review, we will focus on what
is known about ARFs in terms of localization as well as function
in post-Golgi secretory and endosomal trafficking.

ARF PROTEINS SHOW DISTINCT AS
WELL AS OVERLAPPING DISTRIBUTION
THROUGHOUT THE CELL

Types I and II ARFs have all been localized to the Golgi
apparatus, while the sole type III member ARF6 is the
only non-Golgi associated ARF and localizes to the PM and
endosomes (Figure 1; Sztul et al., 2019). When dissecting
the intra-Golgi localization, ARF1, ARF4 and ARF5 localize
to the cis cisternae and the TGN, whereas ARF3 localization
is limited specifically to the TGN due to its two unique
C-terminal determinants (A174 and K180), which are conserved
among ARF3 homologs across species (Claude et al., 1999;
Kawamoto et al., 2002; Deretic et al., 2005; Honda et al.,
2005; Mazelova et al., 2009; Manolea et al., 2010; Sadakata
et al., 2010). Golgi-associated ARFs are responsible for COPI
recruitment, however, it is unclear which ARF contributes to
COPI vesicles formation in living cells. The double knockdown
(KD) of ARF1 and ARF4 was reported to trigger dissociation
of COPI from the Golgi (Volpicelli-Daley et al., 2005) and
ARF1, ARF4, and ARF5 all support COPI vesicle formation
of in vitro generated vesicles from Golgi membranes (Popoff
et al., 2011). Moreover, COPI vesicles generated in semi-
permeabilized cells with type I or type II ARFs show similar
content (Adolf et al., 2019).

FIGURE 1 | Intracellular localization of ARF GTPases. Early endosome (EE),
recycling endosome (RE), trans-Golgi network (TGN), ER-Golgi intermediate
compartment (ERGIC), and plasma membrane (PM).
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Although predominantly at the Golgi, fluorescently tagged
ARF1 and type II ARFs were also reported to localize to
peripheral ERGICs in living cells (Chun et al., 2008). Tubulation
of the ERGIC after simultaneous depletion of ARF1 and
ARF4 already hinted to an involvement of both type I and
type II ARFs in sorting at the ERGIC a few years earlier
(Volpicelli-Daley et al., 2005). However, type I and II ARFs
show differential membrane association dynamics, suggesting a
functional difference (Duijsings et al., 2009).

GFP-tagged ARF1 and ARF3 have been shown to localize
to recycling endosomal compartments containing endocytosed
transferrin (Tfn) and their simultaneous depletion inhibited PM
recycling of Tfn (Kondo et al., 2012). Furthermore, ARF1 and
ARF3 have been found on Rab4-positive endosomal membranes
(D’Souza et al., 2014).

At the PM and endosomes, ARF6 is involved in clathrin-
mediated endocytosis, clathrin-independent endocytosis and
recycling pathways (D’Souza-Schorey et al., 1995; Peters
et al., 1995; Donaldson, 2003). Interestingly, while ARF6-GTP
localization is restricted to clathrin coated pits and endocytic
vesicles, its role may be downstream of endocytosis in facilitating
fast PM recycling (Montagnac et al., 2011). Aside from its role
at the Golgi, ARF5 has also been found to act at the PM.
Here, ARF5 controlled integrin endocytosis and was localized
to clathrin-coated pits together with IQSEC1/BRAG2, a GEF
known for activating ARF6 (Moravec et al., 2012). Recently,
ARF5 and IQSEC1 were also implicated in Ca2+-dependent
disassembly of focal adhesions during cell migration (D’Souza
et al., 2020). Further supporting a role for ARF5 in migration,
the GTPase was shown to be recruited to vesicular structures
in cell protrusions via IQSEC1 and to promote invasion and
metastatic cancer by controlling phosphoinositide metabolism
(Nacke et al., 2021).

In conclusion, ARFs show overlapping yet distinct
distribution and functions throughout the secretory and
endocytic pathways. This complexity makes the investigation
of their diverse functions and the identification of specific
regulators and effectors especially challenging. In particular,
because of the high sequence similarity, the endogenous
localization of all ARFs is not yet known and localization studies
have relied on the overexpression of tagged GTPases until
very recently. A promising technique that will help define the
roles of ARFs in living cells is gene editing, which has been
instrumental in highlighting the multiple roles of ARF1 at the
Golgi (Bottanelli et al., 2017).

THE ROLE OF ARFs IN ADAPTOR
RECRUITMENT

At the TGN, cargoes are sorted into distinct classes of vesicles
destined either to the endo-lysosomal system or to the PM
for secretion. Interestingly, direct, as well as indirect, secretory
pathways that detour via endosomal compartments have been
characterized (Stalder and Gershlick, 2020). At the TGN and
in downstream endosomal compartments, ARFs have a role in
recruiting cargo adaptor proteins, such as the oligomeric adaptor

protein (AP) complexes and the monomeric Golgi-localized,
γ-ear-containing, ARF-binding proteins (GGAs).

AP1-4 are known to function at the TGN and/or downstream
endosomes (Tan and Gleeson, 2019). Still, the exact cellular
function of AP complexes is not fully understood - which in
particular extends to their interaction with different ARFs. The
best studied case is the ARF1-dependent recruitment of AP-1 to
the TGN. TGN-associated GTP-bound ARF1 recruits cytosolic
AP-1 and changes the conformation of AP1 from closed to
open, thus “unlocking” AP-1 and allowing binding to the sorting
motifs of cargoes (Stamnes and Rothman, 1993; Ren et al., 2013).
Membrane curvature is then induced by AP interaction partners,
such as coat (e.g., clathrin) and accessory proteins, initiating the
formation of vesicles. The crystal structures in Ren et al. (2013)
highlight the structural change of AP-1 upon ARF1 activation
and demonstrate that ARF1 binds the β1 and γ subunits of
AP-1 via its switch I and II motifs. However, the switch I and
II residues are highly conserved among ARFs. Therefore, the
observed recruitment of AP-1 to the membrane could be also
driven by other ARFs, which have been localized to late Golgi
compartments (like ARF3). Additionally, AP-3 and AP-4 are
structurally similar to AP-1 (Ren et al., 2013) and have also been
shown to be recruited to membranes via interaction with ARF1
(Ooi et al., 1998; Boehm et al., 2001). AP-3 has a role in transport
to late endosomes (LEs) and lysosomes (Peden et al., 2004), while
AP-4 has recently been implicated in autophagosomal membrane
formation from the TGN (Mattera et al., 2017). It would
be interesting to explore whether different AP complexes are
recruited through different membrane-localized ARFs. A better
understanding of the localization of ARFs in the endo-lysosomal
system will be necessary to understand which ARF recruits which
AP on a specific cellular membrane.

Monomeric adaptors of the GGA family are also recruited to
the TGN by binding to ARFs via their GAT domain (Collins
et al., 2003). Three human GGA proteins (GGA1-3) have been
identified and have all been localized to the TGN, where it
is unclear whether they have distinct or overlapping roles in
the transport to the lysosome (Ghosh and Kornfeld, 2004).
Interestingly, the TGN association of GGAs relies on coincidence
detection via ARF1 and phosphatidylinositol-4-phosphate (PI4P)
(Dell’Angelica et al., 2000; Puertollano et al., 2001; Wang et al.,
2007; Kametaka et al., 2010), as for AP-1 (Wang et al., 2003).
Thus, PI4P plays a general role in ensuring the specificity of
recruitment of various machinery to the TGN, as adaptors
and other ARF effectors, like four-phosphate-adaptor protein
(FAPP), require the concomitant presence of phosphoinositide
(PI) species and specific ARFs to associate with membranes.
PI4P is predominantly enriched at the TGN and regulated by
phosphatidylinositol-4-OH kinases (PI4Ks), specifically PI4KIIIβ
and PI4KIIα (Makowski et al., 2020). It has been reported that
ARF1 mediates PI4KIIIβ activation and recruitment to the Golgi
membrane (Godi et al., 1999; Haynes et al., 2005), where PI4KIIIβ
can then stimulate PI4P synthesis (Godi et al., 1999). Although
this is an interesting model that puts ARF1 functionally upstream
of other PI4P-binding proteins, there are also other proteins
that may mediate PI4KIIIβ membrane association (Waugh,
2019). Additionally, membrane contact sites between the TGN
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and the ER have been shown to have a role in regulation of
TGN PI4P levels (Mesmin et al., 2013; Capasso et al., 2017;
Wakana et al., 2021).

In conclusion, various ARFs, together with PI4P, may
provide the molecular specificity for cargo selection mediated
by adaptors. While ARF1 is again the best studied member,
investigating the role of the other ARFs at the TGN may bring
some interesting insights.

THE DIVERSE FUNCTIONS OF ARFs AT
THE TGN

ARF1 is responsible for the recruitment of the adaptor AP-1
and clathrin to the TGN. AP-1 has a role in diverse sorting
steps, including constitutive secretion, basolateral sorting in
polarized cells, as well as bi-directional communication between
TGN and endosomes (Stamnes and Rothman, 1993; Folsch
et al., 1999; Wang et al., 2003; Chi et al., 2008). It is unclear
whether ARF1 is the sole player in the recruitment of AP-
1 to different membranes. In fact, depletion of both ARF1
and ARF4 was necessary to trigger dissociation of AP-1 from
Golgi membranes (Nakai et al., 2013). Whether ARF1 and
ARF4 act in concert or have redundant functions remains to be
investigated. The Golgi localization of ARF3 is confined to the
TGN, making it a potential candidate for adaptor recruitment
for post-Golgi trafficking. However, the high sequence similarity
between the type I ARFs (ARF1 and ARF3) and the lack of known
differential interactors has made it very hard to pin-point any
functional differences between the two members. Interestingly,
exit of secretory cargoes from the TGN is inhibited at 20◦C
and ARF3 dissociates from the membrane at this temperature.
However, membrane dissociation of ARF3 does not seem to
be the cause of the blockage of secretory trafficking as ARF3
KD does not affect AP-1 and PI4P levels (Manolea et al.,
2010). The Brefeldin A-inhibited guanine nucleotide exchange
factors 1 and 2 (BIG1 and BIG2) have been shown to activate
both ARF1 and ARF3 for the downstream recruitment of AP-
1, suggesting a role of ARF3, in addition to ARF1, in AP-
1-dependent pathways (Lowery et al., 2013). Further, ARF3
regulates trafficking of Toll-like receptor 9 (TLR9) to endo-
lysosomes, possibly by facilitating TGN export (Wu and Kuo,
2015). Even though ARF1, ARF3, and ARF4 have all been
implicated in TGN export, it has been difficult to directly pin-
point the exact place of action of these ARFs using functional
trafficking assays. Diffraction-limited light microscopy does not
provide sufficient resolution to clearly separate Golgi cisternae
and ERGIC elements, making it hard to identify the exact place
where trafficking is impaired upon ARF depletion. While single
ARFs were shown not to have an effect on secretory trafficking,
in particularly on TGN export of vesicular stomatitis virus G
(VSV G) protein (Volpicelli-Daley et al., 2005), it was recently
reported that KD of ARF1 and ARF4 inhibit TGN export of the
β-secretase BACE1 but not amyloid precursor protein (APP) (Tan
et al., 2020). The latter study suggests that specific ARFs may be
required for the trafficking of specific cargoes via recruitment of
different adaptors.

Another recently highlighted role for ARF1 is the formation
of tubular vesicular trafficking intermediates containing secretory
cargoes at the TGN. Interestingly, these tubules contain discrete
patches of clathrin but it is unclear whether clathrin has a
functional role or if adaptors are involved in this process
(Bottanelli et al., 2017). ARF1 interacts with effectors, like
the PH-domain containing protein FAPP, which may facilitate
membrane deformation and aid tubulation (for more details,
read Stalder and Gershlick, 2020). In addition, ARF1 tubules do
not fuse with the PM, suggesting they either lose ARF1 prior
to fusion or an intermediate sorting station may be present
(Bottanelli et al., 2017).

ARFs also seem to possess specialized secretory functions
in specific cell types. ARF4 and ARF5 have been shown to
regulate biogenesis/trafficking of dense core vesicles (DCVs)
in rat PC12 cells (Sadakata et al., 2010). DCVs are important
carriers, which transport cargoes like neuropeptides to the nerve
terminal in neurons. Interestingly, here GDP-bound ARFs are
recruited to the TGN by calcium-dependent activator protein for
secretion 1 (CAPS1). ARF4 was also shown to specifically bind
the C-terminal ciliary target signal on rhodopsin for its transport
to the primary cilium (Deretic et al., 2005) and the various GEFs
and GAPs involved in ARF4-dependent ciliary transport have
also been identified (Deretic et al., 2021).

In summary, all four type I and II ARFs are implicated in TGN
export, AP-1 dependent pathways or secretion in specialized
cells. However, it is unclear which ARF (if any) is responsible
for constitutive secretion and direct TGN-to-PM pathways.
Additionally, more specialized functions of ARFs in different cell
types may have yet to be discovered.

THE ROLE OF ARFs IN TRAFFICKING IN
THE ENDO-LYSOSOMAL SYSTEM

ARFs and their effectors are emerging as key components of
the molecular machinery mediating cargo sorting in endosomal
pathways. Recycling endosomes (REs) are involved in recycling
of cargoes back to the PM after endocytosis and from
endosomes back to the TGN. Volpicelli-Daley et al. (2005) were
among the first to investigate the role of ARFs in endosomal
recycling pathways. Their approach consisted of monitoring
the morphology of endosomes, as well as various membrane
trafficking steps upon depletion of human ARF1-5 in HeLa
cells. As observed for other trafficking steps, KD of individual
ARFs was not sufficient to alter the morphology of Tfn-positive
REs. However, simultaneous KD of ARF1 and ARF3 caused
REs tubulation (Volpicelli-Daley et al., 2005; Kondo et al.,
2012) and inhibited endocytic recycling of the Tfn receptor
(Volpicelli-Daley et al., 2005). This is in agreement with the
observation that the ARF GEF BIG2 has a role in the maintenance
of the structural identity of REs through activation of ARF1
and ARF3 (Shin et al., 2004). Additionally, ARF1 and ARF4
double KD also resulted in tubulation of REs and inhibited
retrograde endosome-to-TGN transport (Nakai et al., 2013),
without affecting endocytic recycling (Volpicelli-Daley et al.,
2005; Nakai et al., 2013). ARF4 has been recently identified as an
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interactor of active GTP-bound Rab30, which also plays a role in
the same recycling pathway (Zulkefli et al., 2021). Taken together,
ARF1 may differentially regulate export from REs to either the
PM (together with ARF3) or the TGN (with ARF4).

ARFs have also been implicated in sorting processes at early
endosomes (EEs). EEs are sorting hubs that can either sort
proteins to the PM, to the TGN or to lysosomes for degradation.
Tubular domains on EEs are thought to be responsible for
retrograde EE-to-TGN transport and cargo recruitment is
mediated via various adaptors (GGAs, AP-1, and AP-3). D’Souza
et al. (2014) reported that ARF1 KD, but not ARF3 KD, was
sufficient to induce the formation of long tubules emanating from
Rab4-positive EEs and to trigger membrane dissociation of AP-
1 and AP-3. KD of either ARF1 or ARF3, however, resulted in
dissociation of GGA3 from EEs, suggesting that ARF1 and ARF3
may have overlapping (GGA3 recruitment) yet distinct (AP-1
recruitment) sorting roles on EEs.

Regulators of ARF function have also been extensively studied
and provide, albeit indirectly, proof of the importance of ARF-
mediated sorting in the endosomal system. The GEFs BIG1 and
BIG2 localize to the TGN and endosomes, where they activate
ARFs resulting in recruitment of adaptors (Shinotsuka et al.,
2002; Zhao et al., 2002; D’Souza et al., 2014). Interestingly,
catalytically inactive BIG2 induces tubulation of REs (Shin et al.,
2004), similar to what was observed when depleting BIG2 (but
not BIG1) via small interfering RNA (Ishizaki et al., 2008). In
particular, downregulation of BIG2 affected protein association
with the REs, whereas simultaneous depletion of BIG1 and BIG2
resulted in the dissociation of TGN and RE proteins, as well as
impaired retrograde trafficking from the LEs to the TGN (Ishizaki
et al., 2008). This suggests a model in which BIG2 functions at the
REs, while BIG1 and BIG2 may cooperate to regulate retrograde
transport from LEs back to the TGN.

Next, various ARF GAPs have also been implicated in the
regulation of ARFs beyond the Golgi. AGAP1 reportedly interacts
with AP-3, regulating trafficking from the TGN to the lysosomes
(Nie et al., 2003) and AGAP2 was shown to interact with AP-
1 (Nie et al., 2005). A gene mutated in amyotrophic lateral
sclerosis (ALS) and frontal temporal degeneration (FTD), called
C9orf72, was recently identified as a GAP for ARF1. Intriguingly,
C9orf72 localization is restricted to lysosomes under amino acid
starvation conditions (Su et al., 2020) and has been suggested to
regulate ARF1 in trans via interaction of lysosomes and ARF1-
positive membranes.

Like ARFs themselves, their GEFs and GAPs may be recruited
to multiple locations where they have different functions.
Pinpointing the function of distinct ARFs, as well as their GEFs
and GAPs is a challenging task, further complicated by the lack
of a complete understanding of the sorting pathways emerging
from the TGN. Additionally, it should be also considered
that regulatory networks of the various ARFs may be closely

interconnected via ARF cascades, explaining why multiple
GTPases have been found to interact with the same ARF regulator
(Stalder and Antonny, 2013).

OUTLOOK

Untangling the cellular ARF code will be a challenge due to
the complexity of ARF synergies, their differential functions and
the lack of knowledge about the specificity of each ARF for
GAPs and GEFs in vivo. Thus, an interesting challenge ahead
is to investigate the specific interplay between GEFs/GAPs and
ARFs as well as their nanoscale localization in an unperturbed
cellular environment. ARF GTPases are the master regulators
of intracellular trafficking. While we know a lot about the
molecular mechanisms governing their GTPase cycle, it has been
incredibly hard to study their function in living cells due to their
high sequence and structural similarity and possible functional
redundancy. The fact that concomitant depletion of two ARFs
is often necessary to observe a cellular phenotype raises the
interesting possibility that ARFs may be acting in pairs. Work
from the Weiland lab has shown that ARF1-GTP dimers form
in vitro and may be responsible for the scission of vesicles (Beck
et al., 2008, 2011). A recent publication shows that ARF-GEF
dimers recruit two closely spaced ARF1-GTP to the membranes,
promoting vesicles formation (Brumm et al., 2020), supporting
a functional role for ARF dimers in living cells. Further work
will be required to test whether different ARF heterodimers
are responsible for selective recruitment of various downstream
effectors and cargoes via differential adaptor recruitment.

AUTHOR CONTRIBUTIONS

All authors wrote the manuscript, contributed to the article, and
approved the submitted version.

FUNDING

PA and LW-D was funded by the Deutsche Forschungsgemeins-
chaft (DFG, German Research Foundation) – Project-ID
278001972 – TRR 186 and Freie Universität Berlin. We
acknowledged support by the Open Access Publication Initiative
of Freie Universität Berlin.

ACKNOWLEDGMENTS

We would like to thank all the members of the lab for giving us
feedback on the manuscript. Additionally, we are grateful to Felix
Campelo for providing feedback.

REFERENCES
Adolf, F., Herrmann, A., Hellwig, A., Beck, R., Brugger, B., and Wieland, F. T.

(2013). Scission of COPI and COPII vesicles is independent of GTP hydrolysis.
Traffic 14, 922–932. doi: 10.1111/tra.12084

Adolf, F., Rhiel, M., Hessling, B., Gao, Q., Hellwig, A., Bethune, J., et al. (2019).
Proteomic Profiling of Mammalian COPII and COPI Vesicles. Cell Rep. 26,
250–265e5.

Beck, R., Prinz, S., Diestelkotter-Bachert, P., Rohling, S., Adolf, F., Hoehner,
K., et al. (2011). Coatomer and dimeric ADP ribosylation factor 1 promote

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 July 2021 | Volume 9 | Article 679046

https://doi.org/10.1111/tra.12084
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-679046 July 17, 2021 Time: 18:42 # 6

Adarska et al. ARFs in Membrane Trafficking

distinct steps in membrane scission. J. Cell Biol. 194, 765–777. doi: 10.1083/
jcb.201011027

Beck, R., Sun, Z., Adolf, F., Rutz, C., Bassler, J., Wild, K., et al. (2008). Membrane
curvature induced by Arf1-GTP is essential for vesicle formation. Proc. Natl.
Acad. Sci. U. S. A. 105, 11731–11736. doi: 10.1073/pnas.0805182105

Boehm, M., Aguilar, R. C., and Bonifacino, J. S. (2001). Functional and physical
interactions of the adaptor protein complex AP-4 with ADP-ribosylation factors
(ARFs). EMBO J. 20, 6265–6276. doi: 10.1093/emboj/20.22.6265

Bottanelli, F., Kilian, N., Ernst, A. M., Rivera-Molina, F., Schroeder, L. K.,
Kromann, E. B., et al. (2017). A novel physiological role for ARF1 in the
formation of bi-directional tubules from the Golgi. Mol. Biol. Cell 28, 1676–
1687. doi: 10.1091/mbc.e16-12-0863

Brumm, S., Singh, M. K., Nielsen, M. E., Richter, S., Beckmann, H., Stierhof,
Y. D., et al. (2020). Coordinated Activation of ARF1 GTPases by ARF-GEF
GNOM Dimers Is Essential for Vesicle Trafficking in Arabidopsis. Plant Cell
32, 2491–2507. doi: 10.1105/tpc.20.00240

Capasso, S., Sticco, L., Rizzo, R., Pirozzi, M., Russo, D., Dathan, N. A., et al.
(2017). Sphingolipid metabolic flow controls phosphoinositide turnover at the
trans-Golgi network. EMBO J. 36, 1736–1754. doi: 10.15252/embj.201696048

Chi, S., Cao, H., Chen, J., and McNiven, M. A. (2008). Eps15 mediates vesicle
trafficking from the trans-Golgi network via an interaction with the clathrin
adaptor AP-1. Mol. Biol. Cell 19, 3564–3575. doi: 10.1091/mbc.e07-10-0997

Chun, J., Shapovalova, Z., Dejgaard, S. Y., Presley, J. F., and Melancon, P.
(2008). Characterization of class I and II ADP-ribosylation factors (Arfs) in
live cells: GDP-bound class II Arfs associate with the ER-Golgi intermediate
compartment independently of GBF1. Mol. Biol. Cell 19, 3488–3500. doi:
10.1091/mbc.e08-04-0373

Claude, A., Zhao, B. P., Kuziemsky, C. E., Dahan, S., Berger, S. J., Yan, J. P.,
et al. (1999). GBF1: a novel Golgi-associated BFA-resistant guanine nucleotide
exchange factor that displays specificity for ADP-ribosylation factor 5. J. Cell
Biol. 146, 71–84. doi: 10.1083/jcb.146.999.71

Collins, B. M., Watson, P. J., and Owen, D. J. (2003). The structure of the GGA1-
GAT domain reveals the molecular basis for ARF binding and membrane
association of GGAs. Dev. Cell 4, 321–332. doi: 10.1016/s1534-5807(03)
00037-6

Dell’Angelica, E. C., Puertollano, R., Mullins, C., Aguilar, R. C., Vargas, J. D.,
Hartnell, L. M., et al. (2000). GGAs: a family of ADP ribosylation factor-binding
proteins related to adaptors and associated with the Golgi complex. J. Cell Biol.
149, 81–94.

Deretic, D., Lorentzen, E., and Fresquez, T. (2021). The ins and outs of the Arf4-
based ciliary membrane-targeting complex. Small GTPases 12, 1–12. doi: 10.
1080/21541248.2019.1616355

Deretic, D., Williams, A. H., Ransom, N., Morel, V., Hargrave, P. A., and Arendt,
A. (2005). Rhodopsin C terminus, the site of mutations causing retinal disease,
regulates trafficking by binding to ADP-ribosylation factor 4 (ARF4). Proc. Natl.
Acad. Sci. U. S. A. 102, 3301–3306. doi: 10.1073/pnas.0500095102

Donaldson, J. G. (2003). Multiple roles for Arf6: sorting, structuring, and signaling
at the plasma membrane. J. Biol. Chem. 278, 41573–41576. doi: 10.1074/jbc.
r300026200

Donaldson, J. G., and Jackson, C. L. (2011). ARF family G proteins and their
regulators: roles in membrane transport, development and disease. Nat. Rev.
Mol. Cell Biol. 12, 362–375. doi: 10.1038/nrm3117

D’Souza, R. S., Lim, J. Y., Turgut, A., Servage, K., Zhang, J., Orth, K., et al.
(2020). Calcium-stimulated disassembly of focal adhesions mediated by an
ORP3/IQSec1 complex. Elife 9:e54113.

D’Souza, R. S., Semus, R., Billings, E. A., Meyer, C. B., Conger, K., and Casanova,
J. E. (2014). Rab4 orchestrates a small GTPase cascade for recruitment of
adaptor proteins to early endosomes. Curr. Biol. 24, 1187–1198. doi: 10.1016/j.
cub.2014.04.003

D’Souza-Schorey, C., Li, G., Colombo, M. I., and Stahl, P. D. (1995). A regulatory
role for ARF6 in receptor-mediated endocytosis. Science 267, 1175–1178. doi:
10.1126/science.7855600

Duijsings, D., Lanke, K. H., van Dooren, S. H., van Dommelen, M. M., Wetzels,
R., de Mattia, F., et al. (2009). Differential membrane association properties and
regulation of class I and class II Arfs. Traffic 10, 316–323. doi: 10.1111/j.1600-
0854.2008.00868.x

Eyster, C. A., Higginson, J. D., Huebner, R., Porat-Shliom, N., Weigert, R., Wu,
W. W., et al. (2009). Discovery of new cargo proteins that enter cells through

clathrin-independent endocytosis. Traffic 10, 590–599. doi: 10.1111/j.1600-
0854.2009.00894.x

Folsch, H., Ohno, H., Bonifacino, J. S., and Mellman, I. (1999). A novel clathrin
adaptor complex mediates basolateral targeting in polarized epithelial cells. Cell
99, 189–198. doi: 10.1016/s0092-8674(00)81650-5

Ghosh, P., and Kornfeld, S. (2004). The GGA proteins: key players in protein
sorting at the trans-Golgi network. Eur. J. Cell Biol. 83, 257–262. doi: 10.1078/
0171-9335-00374

Godi, A., Pertile, P., Meyers, R., Marra, P., Di Tullio, G., Iurisci, C., et al. (1999).
ARF mediates recruitment of PtdIns-4-OH kinase-beta and stimulates synthesis
of PtdIns(4,5)P2 on the Golgi complex. Nat. Cell Biol. 1, 280–287. doi: 10.1038/
12993

Goldberg, J. (1998). Structural basis for activation of ARF GTPase: mechanisms of
guanine nucleotide exchange and GTP-myristoyl switching. Cell 95, 237–248.
doi: 10.1016/s0092-8674(00)81754-7

Haynes, L. P., Thomas, G. M., and Burgoyne, R. D. (2005). Interaction of neuronal
calcium sensor-1 and ADP-ribosylation factor 1 allows bidirectional control of
phosphatidylinositol 4-kinase beta and trans-Golgi network-plasma membrane
traffic. J. Biol. Chem. 280, 6047–6054. doi: 10.1074/jbc.m413090200

Honda, A., Al-Awar, O. S., Hay, J. C., and Donaldson, J. G. (2005). Targeting of
Arf-1 to the early Golgi by membrin, an ER-Golgi SNARE. J. Cell Biol. 168,
1039–1051. doi: 10.1083/jcb.200409138

Ishizaki, R., Shin, H. W., Mitsuhashi, H., and Nakayama, K. (2008). Redundant
roles of BIG2 and BIG1, guanine-nucleotide exchange factors for ADP-
ribosylation factors in membrane traffic between the trans-Golgi network and
endosomes. Mol. Biol. Cell 19, 2650–2660. doi: 10.1091/mbc.e07-10-1067

Kametaka, S., Sawada, N., Bonifacino, J. S., and Waguri, S. (2010). Functional
characterization of protein-sorting machineries at the trans-Golgi network in
Drosophila melanogaster. J. Cell Sci. 123, 460–471. doi: 10.1242/jcs.055103

Kawamoto, K., Yoshida, Y., Tamaki, H., Torii, S., Shinotsuka, C., Yamashina, S.,
et al. (2002). GBF1, a guanine nucleotide exchange factor for ADP-ribosylation
factors, is localized to the cis-Golgi and involved in membrane association of
the COPI coat. Traffic 3, 483–495. doi: 10.1034/j.1600-0854.2002.30705.x

Kondo, Y., Hanai, A., Nakai, W., Katoh, Y., Nakayama, K., and Shin, H. W. (2012).
ARF1 and ARF3 are required for the integrity of recycling endosomes and the
recycling pathway. Cell Struct. Funct. 37, 141–154. doi: 10.1247/csf.12015

Lowery, J., Szul, T., Styers, M., Holloway, Z., Oorschot, V., Klumperman, J.,
et al. (2013). The Sec7 Guanine Nucleotide Exchange Factor GBF1 Regulates
Membrane Recruitment of BIG1 and BIG2 Guanine Nucleotide Exchange
Factors to the Trans-Golgi Network (TGN). J. Biol. Chem. 288, 11532–11545.
doi: 10.1074/jbc.m112.438481

Makowski, S. L., Kuna, R. S., and Field, S. J. (2020). Induction of membrane
curvature by proteins involved in Golgi trafficking. Adv. Biol. Regul. 75:100661.
doi: 10.1016/j.jbior.2019.100661

Malsam, J., Gommel, D., Wieland, F. T., and Nickel, W. (1999). A role for ADP
ribosylation factor in the control of cargo uptake during COPI-coated vesicle
biogenesis. FEBS Lett. 462, 267–272. doi: 10.1016/s0014-5793(99)01543-4

Manolea, F., Chun, J., Chen, D. W., Clarke, I., Summerfeldt, N., Dacks, J. B., et al.
(2010). Arf3 Is Activated Uniquely at the trans-Golgi Network by Brefeldin
A-inhibited Guanine Nucleotide Exchange Factors. Mol. Biol. Cell 21, 1836–
1849. doi: 10.1091/mbc.e10-01-0016

Mattera, R., Park, S. Y., De Pace, R., Guardia, C. M., and Bonifacino, J. S. (2017).
AP-4 mediates export of ATG9A from the trans-Golgi network to promote
autophagosome formation. Proc. Natl. Acad. Sci. U. S. A. 114, E10697–E10706.

Mazelova, J., Astuto-Gribble, L., Inoue, H., Tam, B. M., Schonteich, E., Prekeris,
R., et al. (2009). Ciliary targeting motif VxPx directs assembly of a trafficking
module through Arf4. EMBO J. 28, 183–192. doi: 10.1038/emboj.2008.267

Menetrey, J., Macia, E., Pasqualato, S., Franco, M., and Cherfils, J. (2000).
Structure of Arf6-GDP suggests a basis for guanine nucleotide exchange factors
specificity. Nat. Struct. Biol. 7, 466–469.

Mesmin, B., Bigay, J., Moser von Filseck, J., Lacas-Gervais, S., Drin, G., and
Antonny, B. (2013). A four-step cycle driven by PI(4)P hydrolysis directs
sterol/PI(4)P exchange by the ER-Golgi tether OSBP. Cell 155, 830–843. doi:
10.1016/j.cell.2013.09.056

Montagnac, G., de Forges, H., Smythe, E., Gueudry, C., Romao, M., Salamero,
J., et al. (2011). Decoupling of activation and effector binding underlies ARF6
priming of fast endocytic recycling. Curr. Biol. 21, 574–579. doi: 10.1016/j.cub.
2011.02.034

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 July 2021 | Volume 9 | Article 679046

https://doi.org/10.1083/jcb.201011027
https://doi.org/10.1083/jcb.201011027
https://doi.org/10.1073/pnas.0805182105
https://doi.org/10.1093/emboj/20.22.6265
https://doi.org/10.1091/mbc.e16-12-0863
https://doi.org/10.1105/tpc.20.00240
https://doi.org/10.15252/embj.201696048
https://doi.org/10.1091/mbc.e07-10-0997
https://doi.org/10.1091/mbc.e08-04-0373
https://doi.org/10.1091/mbc.e08-04-0373
https://doi.org/10.1083/jcb.146.999.71
https://doi.org/10.1016/s1534-5807(03)00037-6
https://doi.org/10.1016/s1534-5807(03)00037-6
https://doi.org/10.1080/21541248.2019.1616355
https://doi.org/10.1080/21541248.2019.1616355
https://doi.org/10.1073/pnas.0500095102
https://doi.org/10.1074/jbc.r300026200
https://doi.org/10.1074/jbc.r300026200
https://doi.org/10.1038/nrm3117
https://doi.org/10.1016/j.cub.2014.04.003
https://doi.org/10.1016/j.cub.2014.04.003
https://doi.org/10.1126/science.7855600
https://doi.org/10.1126/science.7855600
https://doi.org/10.1111/j.1600-0854.2008.00868.x
https://doi.org/10.1111/j.1600-0854.2008.00868.x
https://doi.org/10.1111/j.1600-0854.2009.00894.x
https://doi.org/10.1111/j.1600-0854.2009.00894.x
https://doi.org/10.1016/s0092-8674(00)81650-5
https://doi.org/10.1078/0171-9335-00374
https://doi.org/10.1078/0171-9335-00374
https://doi.org/10.1038/12993
https://doi.org/10.1038/12993
https://doi.org/10.1016/s0092-8674(00)81754-7
https://doi.org/10.1074/jbc.m413090200
https://doi.org/10.1083/jcb.200409138
https://doi.org/10.1091/mbc.e07-10-1067
https://doi.org/10.1242/jcs.055103
https://doi.org/10.1034/j.1600-0854.2002.30705.x
https://doi.org/10.1247/csf.12015
https://doi.org/10.1074/jbc.m112.438481
https://doi.org/10.1016/j.jbior.2019.100661
https://doi.org/10.1016/s0014-5793(99)01543-4
https://doi.org/10.1091/mbc.e10-01-0016
https://doi.org/10.1038/emboj.2008.267
https://doi.org/10.1016/j.cell.2013.09.056
https://doi.org/10.1016/j.cell.2013.09.056
https://doi.org/10.1016/j.cub.2011.02.034
https://doi.org/10.1016/j.cub.2011.02.034
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-679046 July 17, 2021 Time: 18:42 # 7

Adarska et al. ARFs in Membrane Trafficking

Moravec, R., Conger, K. K., D’Souza, R., Allison, A. B., and Casanova, J. E. (2012).
BRAG2/GEP100/IQSec1 interacts with clathrin and regulates alpha5beta1
integrin endocytosis through activation of ADP ribosylation factor 5 (Arf5).
J. Biol. Chem. 287, 31138–31147. doi: 10.1074/jbc.m112.383117

Nacke, M., Sandilands, E., Nikolatou, K., Roman-Fernandez, A., Mason, S., Patel,
R., et al. (2021). An ARF GTPase module promoting invasion and metastasis
through regulating phosphoinositide metabolism. Nat. Commun. 12:1623.

Nakai, W., Kondo, Y., Saitoh, A., Naito, T., Nakayama, K., and Shin, H. W. (2013).
ARF1 and ARF4 regulate recycling endosomal morphology and retrograde
transport from endosomes to the Golgi apparatus. Mol. Biol. Cell 24, 2570–2581.
doi: 10.1091/mbc.e13-04-0197

Nie, Z., Boehm, M., Boja, E. S., Vass, W. C., Bonifacino, J. S., Fales, H. M., et al.
(2003). Specific regulation of the adaptor protein complex AP-3 by the Arf GAP
AGAP1. Dev. Cell 5, 513–521. doi: 10.1016/s1534-5807(03)00234-x

Nie, Z., Fei, J., Premont, R. T., and Randazzo, P. A. (2005). The Arf GAPs AGAP1
and AGAP2 distinguish between the adaptor protein complexes AP-1 and AP-3.
J. Cell Sci. 118, 3555–3566. doi: 10.1242/jcs.02486

Ooi, C. E., Dell’Angelica, E. C., and Bonifacino, J. S. (1998). ADP-ribosylation
factor 1 (ARF1) regulates recruitment of the AP-3 adaptor complex to
membranes. J. Cell Biol. 142, 391–402. doi: 10.1083/jcb.142.2.391

Orci, L., Glick, B. S., and Rothman, J. E. (1986). A new type of coated vesicular
carrier that appears not to contain clathrin: its possible role in protein transport
within the Golgi stack. Cell 46, 171–184. doi: 10.1016/0092-8674(86)90734-8

Pasqualato, S., Menetrey, J., Franco, M., and Cherfils, J. (2001). The structural
GDP/GTP cycle of human Arf6. EMBO Rep. 2, 234–238. doi: 10.1093/embo-
reports/kve043

Peden, A. A., Oorschot, V., Hesser, B. A., Austin, C. D., Scheller, R. H., and
Klumperman, J. (2004). Localization of the AP-3 adaptor complex defines a
novel endosomal exit site for lysosomal membrane proteins. J. Cell Biol. 164,
1065–1076. doi: 10.1083/jcb.200311064

Peters, P. J., Hsu, V. W., Ooi, C. E., Finazzi, D., Teal, S. B., Oorschot, V., et al.
(1995). Overexpression of wild-type and mutant ARF1 and ARF6: distinct
perturbations of nonoverlapping membrane compartments. J. Cell Biol. 128,
1003–1017. doi: 10.1083/jcb.128.6.1003

Popoff, V., Langer, J. D., Reckmann, I., Hellwig, A., Kahn, R. A., Brugger, B., et al.
(2011). Several ADP-ribosylation Factor (Arf) Isoforms Support COPI Vesicle
Formation. J. Biol. Chem. 286, 35634–35642. doi: 10.1074/jbc.m111.261800

Puertollano, R., Randazzo, P. A., Presley, J. F., Hartnell, L. M., and Bonifacino,
J. S. (2001). The GGAs promote ARF-dependent recruitment of clathrin to the
TGN. Cell 105, 93–102. doi: 10.1016/s0092-8674(01)00299-9

Reinhard, C., Schweikert, M., Wieland, F. T., and Nickel, W. (2003). Functional
reconstitution of COPI coat assembly and disassembly using chemically defined
components. Proc. Natl. Acad. Sci. U. S. A. 100, 8253–8257. doi: 10.1073/pnas.
1432391100

Ren, X., Farias, G. G., Canagarajah, B. J., Bonifacino, J. S., and Hurley, J. H. (2013).
Structural basis for recruitment and activation of the AP-1 clathrin adaptor
complex by Arf1. Cell 152, 755–767. doi: 10.1016/j.cell.2012.12.042

Sadakata, T., Shinoda, Y., Sekine, Y., Saruta, C., Itakura, M., Takahashi, M., et al.
(2010). Interaction of calcium-dependent activator protein for secretion 1
(CAPS1) with the class II ADP-ribosylation factor small GTPases is required
for dense-core vesicle trafficking in the trans-Golgi network. J. Biol. Chem. 285,
38710–38719. doi: 10.1074/jbc.m110.137414

Shin, H. W., Morinaga, N., Noda, M., and Nakayama, K. (2004). BIG2, a guanine
nucleotide exchange factor for ADP-ribosylation factors: its localization to
recycling endosomes and implication in the endosome integrity. Mol. Biol. Cell
15, 5283–5294. doi: 10.1091/mbc.e04-05-0388

Shinotsuka, C., Waguri, S., Wakasugi, M., Uchiyama, Y., and Nakayama, K. (2002).
Dominant-negative mutant of BIG2, an ARF-guanine nucleotide exchange
factor, specifically affects membrane trafficking from the trans-Golgi network
through inhibiting membrane association of AP-1 and GGA coat proteins.
Biochem. Biophys. Res. Commun. 294, 254–260. doi: 10.1016/s0006-291x(02)
00456-4

Stalder, D., and Antonny, B. (2013). Arf GTPase regulation through cascade
mechanisms and positive feedback loops. FEBS Lett. 587, 2028–2035. doi:
10.1016/j.febslet.2013.05.015

Stalder, D., and Gershlick, D. C. (2020). Direct trafficking pathways from the
Golgi apparatus to the plasma membrane. Semin. Cell Dev. Biol. 107, 112–125.
doi: 10.1016/j.semcdb.2020.04.001

Stamnes, M. A., and Rothman, J. E. (1993). The binding of AP-1 clathrin adaptor
particles to Golgi membranes requires ADP-ribosylation factor, a small GTP-
binding protein. Cell 73, 999–1005. doi: 10.1016/0092-8674(93)90277-w

Su, M. Y., Fromm, S. A., Zoncu, R., and Hurley, J. H. (2020). Structure of the
C9orf72 ARF GAP complex that is haploinsufficient in ALS and FTD. Nature
585, 251–255. doi: 10.1038/s41586-020-2633-x

Sztul, E., Chen, P. W., Casanova, J. E., Cherfils, J., Dacks, J. B., Lambright, D. G.,
et al. (2019). ARF GTPases and their GEFs and GAPs: concepts and challenges.
Mol. Biol. Cell 30, 1249–1271. doi: 10.1091/mbc.e18-12-0820

Tan, J. Z. A., Fourriere, L., Wang, J., Perez, F., Boncompain, G., and Gleeson,
P. A. (2020). Distinct anterograde trafficking pathways of BACE1 and
amyloid precursor protein from the TGN and the regulation of amyloid-beta
production. Mol. Biol. Cell 31, 27–44. doi: 10.1091/mbc.e19-09-0487

Tan, J. Z. A., and Gleeson, P. A. (2019). Cargo Sorting at the trans-Golgi Network
for Shunting into Specific Transport Routes: role of Arf Small G Proteins and
Adaptor Complexes. Cells 8:531. doi: 10.3390/cells8060531

Volpicelli-Daley, L. A., Li, Y. W., Zhang, C. J., and Kahn, R. A. (2005). Isoform-
selective effects of the depletion of ADP-ribosylation factors 1-5 on membrane
traffic. Mol. Biol. Cell 16, 4495–4508. doi: 10.1091/mbc.e04-12-1042

Wakana, Y., Hayashi, K., Nemoto, T., Watanabe, C., Taoka, M., Angulo-Capel, J.,
et al. (2021). The ER cholesterol sensor SCAP promotes CARTS biogenesis at
ER-Golgi membrane contact sites. J. Cell Biol. 220:e202002150.

Wang, J., Sun, H. Q., Macia, E., Kirchhausen, T., Watson, H., Bonifacino, J. S.,
et al. (2007). PI4P promotes the recruitment of the GGA adaptor proteins to
the trans-Golgi network and regulates their recognition of the ubiquitin sorting
signal. Mol. Biol. Cell 18, 2646–2655. doi: 10.1091/mbc.e06-10-0897

Wang, Y. J., Wang, J., Sun, H. Q., Martinez, M., Sun, Y. X., Macia, E., et al.
(2003). Phosphatidylinositol 4 phosphate regulates targeting of clathrin adaptor
AP-1 complexes to the Golgi. Cell 114, 299–310. doi: 10.1016/s0092-8674(03)
00603-2

Waugh, M. G. (2019). The Great Escape: how phosphatidylinositol 4-kinases and
PI4P promote vesicle exit from the Golgi (and drive cancer). Biochem. J. 476,
2321–2346. doi: 10.1042/bcj20180622

Wu, J. Y., and Kuo, C. C. (2015). ADP-Ribosylation Factor 3 Mediates Cytidine-
Phosphate-Guanosine Oligodeoxynucleotide-Induced Responses by Regulating
Toll-Like Receptor 9 Trafficking. J. Innate Immun. 7, 623–636. doi: 10.1159/
000430785

Zhao, X., Lasell, T. K., and Melancon, P. (2002). Localization of large ADP-
ribosylation factor-guanine nucleotide exchange factors to different Golgi
compartments: evidence for distinct functions in protein traffic. Mol. Biol. Cell
13, 119–133. doi: 10.1091/mbc.01-08-0420

Zulkefli, K. L., Mahmoud, I. S., Williamson, N. A., Gosavi, P. K., Houghton,
F. J., and Gleeson, P. A. (2021). A role for Rab30 in retrograde trafficking
and maintenance of endosome-TGN organization. Exp. Cell Res. 399:112442.
doi: 10.1016/j.yexcr.2020.112442

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Adarska, Wong-Dilworth and Bottanelli. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 July 2021 | Volume 9 | Article 679046

https://doi.org/10.1074/jbc.m112.383117
https://doi.org/10.1091/mbc.e13-04-0197
https://doi.org/10.1016/s1534-5807(03)00234-x
https://doi.org/10.1242/jcs.02486
https://doi.org/10.1083/jcb.142.2.391
https://doi.org/10.1016/0092-8674(86)90734-8
https://doi.org/10.1093/embo-reports/kve043
https://doi.org/10.1093/embo-reports/kve043
https://doi.org/10.1083/jcb.200311064
https://doi.org/10.1083/jcb.128.6.1003
https://doi.org/10.1074/jbc.m111.261800
https://doi.org/10.1016/s0092-8674(01)00299-9
https://doi.org/10.1073/pnas.1432391100
https://doi.org/10.1073/pnas.1432391100
https://doi.org/10.1016/j.cell.2012.12.042
https://doi.org/10.1074/jbc.m110.137414
https://doi.org/10.1091/mbc.e04-05-0388
https://doi.org/10.1016/s0006-291x(02)00456-4
https://doi.org/10.1016/s0006-291x(02)00456-4
https://doi.org/10.1016/j.febslet.2013.05.015
https://doi.org/10.1016/j.febslet.2013.05.015
https://doi.org/10.1016/j.semcdb.2020.04.001
https://doi.org/10.1016/0092-8674(93)90277-w
https://doi.org/10.1038/s41586-020-2633-x
https://doi.org/10.1091/mbc.e18-12-0820
https://doi.org/10.1091/mbc.e19-09-0487
https://doi.org/10.3390/cells8060531
https://doi.org/10.1091/mbc.e04-12-1042
https://doi.org/10.1091/mbc.e06-10-0897
https://doi.org/10.1016/s0092-8674(03)00603-2
https://doi.org/10.1016/s0092-8674(03)00603-2
https://doi.org/10.1042/bcj20180622
https://doi.org/10.1159/000430785
https://doi.org/10.1159/000430785
https://doi.org/10.1091/mbc.01-08-0420
https://doi.org/10.1016/j.yexcr.2020.112442
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	ARF GTPases and Their Ubiquitous Role in Intracellular Trafficking Beyond the Golgi
	Introduction
	Arf Proteins Show Distinct as Well as Overlapping Distribution Throughout the Cell
	The Role of Arfs in Adaptor Recruitment
	The Diverse Functions of Arfs at the Tgn
	The Role of Arfs in Trafficking in the Endo-Lysosomal System
	Outlook
	Author Contributions
	Funding
	Acknowledgments
	References


