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Abstract
Arf GAPs (ADP-ribosylation factor GTPase activating proteins) are essential components of Arf
(ADP-ribosylation factor) signaling pathways. Arf GAPs stimulate the hydrolysis of GTP to GDP
to transition Arf from the active, GTP bound, state to the inactive, GDP bound, state. Based on
this activity, Arf GAPs were initially proposed to function primarily or exclusively as terminators
of Arf signaling. Further studies of Arf GAPs have revealed that they also function as effectors of
Arf signaling in at least a few steps or processes in which Arfs are not directly involved. In this
review we discuss the non-canonical functions of Arf GAPs and address several key questions in
the field, including: whether (1) Arf GAPs are terminators or effectors of Arf signaling, (2) Arf
GAPs positively or negatively regulate COPI assembly, (3) Arf GAPs are involved in vesicle
fission, and (4) Arf GAPs regulate vesicle uncoating.
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Introduction
ADP-ribosylation factors (Arfs) are a family within the Ras superfamily of ∼20 kDa
regulatory GTP binding proteins that includes 29 members in humans [1]. Arfs are
ubiquitously expressed in eukaryotic cells and function as key regulators of membrane
traffic. Arfs dynamically associate with membranes, where they facilitate the initial steps in
vesicle biogenesis by regulating the recruitment of adaptor proteins for coat assembly and
lipid modifying enzymes for transmembrane protein cargo accumulation.[2]. While it is
likely that Arfs participate in parallel pathways directed toward the early steps of carrier
biogenesis (e.g., modifications to lipid microenvironment) it is unclear whether Arfs have
additional roles in the subsequent steps of vesicle biogenesis (e.g. fission and uncoating) or
even whether Arfs persist on mature vesicles (discussed below). Like all regulatory GTP
binding proteins, Arfs cycle between GTP and GDP bound states and function in cells as
molecular switches, controlled by the nucleotide bound (e.g., see Fig. 1). Exchange of bound
GDP for GTP results in enhanced association with membranes and causes a conformational
change that increases the affinity of Arf for effector proteins responsible for Arf signaling.
When GTP is hydrolyzed to GDP Arf dissociates from the membrane and affinity for
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effector proteins is lost, thereby terminating Arf signaling. The intrinsic exchange rate of
GDP for GTP by Arfs in cells is thought to be very slow and Arfs have no detectable
intrinsic GTPase activity in vitro [3]. Thus, the GTPase cycle is mediated by guanine
nucleotide exchange factors (GEFs) that facilitate the exchange of bound GDP for GTP and
GTPase activating proteins (GAPs) that promote the hydrolysis of GTP to GDP. Despite
these general properties of GEFs and GAPs it is too limiting to view these modulators of Arf
activity simply as activators or terminators of Arf, respectively, for reasons to be explained
below. In this review we will focus on the Arf GAPs, particularly those at the Golgi, and
will review the diverse roles and evolving models of Arf GAPs in membrane traffic
pathways as well as the controversies in the literature.

The Arf GAP family is encoded by at least 31 genes in humans. These proteins are defined
by the presence of the Arf GAP domain which consists of a zinc-finger motif of four
cysteines with specific spacing terminating with a catalytic arginine residue
(CX2CX16CX2CX4R) [4-5]. Early alignment and simple phylogenetic analyses of proteins
containing the Arf GAP domain identified 10 sub-families in eukaryotes [5]. This
conclusion was confirmed and evolutionary relationships better defined in a much more
exhaustive study (J. Dacks and R.A. Kahn, manuscript in preparation). Six of these were
already present in the earliest common ancestor, with the other 4 arising at later stages in
animal evolution (Mowbrey, Kahn, and Dacks; manuscript in preparation). Thus, this is an
ancient family of cell regulators that share at least one biochemical activity and are likely to
have developed a number of distinct and overlapping cellular functions.

The presence of the Arf GAP domain has been a very reliable indicator of Arf GAP activity,
though by no means has every predicted Arf GAP protein been shown to possess it, but it is
not revealing of the specificity for GTPase. Rather, the specificity of any Arf GAP for Arf
family members is very poorly understood. This is further confounded by some apparent
differences in specificities between in vitro and cell-based Arf GAP assays [6]. The Arf
family includes the “true” Arfs, that typically share >60% sequence identity, the Arf-like
(Arl) proteins, that are ∼40-60% identical to any Arf, and the Sar GTPases that are 20-40%
identical to an Arf [1]. The Arf GAPs studied to date are highly specific to the Arfs and have
displayed little or no activity against the few Arl or Sar proteins tested. There is also very
little difference in substrate specificity for most Arf GAPs among the Arfs seen in in vitro
assays (Arf1-6). It is likely that the localization of the Arf GAP is a key determinant of its
biological substrates and functions. Finally, the entirety of proteins with Arf GAP activity is
unlikely to be limited to those containing an Arf GAP domain. A recent report describes the
first purification of a GAP, ELMOD2, with activity against an Arl, Arl2 [7]. Despite the lack
of an Arf GAP domain, ELMOD2 was found to have GAP activity against Arfs. Thus, we
clearly still have much to learn about the potential for cross-signaling between Arf and Arl
pathways as a result of overlapping specificities of their regulators and effectors.

The study of Arf GAPs has resulted in several conflicting models of their cellular
function(s) [8-9]. Of the 31 Arf GAPs in humans, members of the ArfGAP1 and ArfGAP2/3
sub-groups have been studied most extensively and those functions are the basis for many
models of the function of Arf GAPs in general. Thus, the majority of this review is based
upon studies of ArfGAP1 and ArfGAP2/3. Extrapolation of these models to other Arf GAPs
is tempting but risky, particularly for the larger Arf GAPs that contain many additional
domains.

This review will address key questions in the field including whether or not (1) Arf GAPs
are terminators or effectors of Arf signaling, (2) Arf GAPs positively or negatively regulate
COPI assembly, (3) Arf GAPs are involved in vesicle fission, and (4) Arf GAPs regulate
vesicle uncoating.
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Are Arf GAPs terminators or effectors of Arf signaling?
Arfs lack detectable intrinsic GTPase activity and thus to complete the canonical GTPase
cycle absolutely require a GTPase activating protein (GAP) for hydrolysis of bound GTP
[3]. Arf GAP activity was first described and shown to be sensitive to phospholipids by
Randazzo and Kahn [10]. Shortly thereafter the first purification of an Arf GAP, ArfGAP1,
was achieved by members of the Cassel lab [11]. Because the only in vitro assay for Arf
GAPs is GTP hydrolysis, and it is assumed that Arf-GTP is the only active conformer, Arf
GAPs were originally assigned the role of terminators of Arf signaling pathways. This
model was supported by the finding that over-expression of ArfGAP1 disrupted the Golgi
apparatus [12]. This observation was interpreted as analogous to the treatment of cells with
Brefeldin A, which lowers cellular levels of Arf-GTP by preventing Arf activation [12-13],
but detailed comparisons were not performed. Consistent with a role for Arf GAPs in
terminating Arf signaling, knockdown of ArfGAP1-3 resulted in higher cellular levels of
activated Arf and Golgi morphology and cell viability defects [14]. Thus, the initial model
for the function of Arf GAPs was the down-regulation of Arf signaling by stimulating GTP
hydrolysis.

Additional testing of the actions of Arf GAPs as down regulators of Arf signaling commonly
took advantage of two types of designed mutations; those homologous to Arf1-Q71L [15],
resulting in an Arf that is resistant to the actions of GAPs, and those homologous to
ArfGAP1-R50K that result in an ArfGAP with catalytic capacity that is reduced by several
orders of magnitude [16]. For instance, AGAP2 associates with AP-1 positive recycling
endosomes and over-expression of AGAP2 accelerates the exit of transferrin from this
compartment. Over-expression of the catalytically dead mutant, AGAP2-R618K, or co-
expression of AGAP2 with Arf1-Q71L failed to enhance transferrin recycling thereby
linking this phenotype to the catalytic activity of AGAP2 [17]. In another example, over-
expression of Git2-short results in the re-distribution β-COP from the cis-Golgi and the loss
of actin stress fibers and paxillin containing focal adhesions throughout the cell [18]. Co-
expression of Arf1-Q71L suppressed these phenotypes while the expression of a
catalytically inactive Git2-short mutant had no effect on the localization of β-COP or on the
abundance of actin stress fibers and focal adhesions. Similarly, increased expression of yeast
Arf GAPs was shown to reduce the toxicity resulting from excess Arf activity [20], as would
be expected for a down-regulator of Arf activity. Thus, Arf GAP activity of at least these
Arf GAPs plays an essential role in their cellular functions.

But is the activation of GTP hydrolysis the only function of members of this large protein
family or do they have additional functions? Simply the existence of a large number of
domains involved in several aspects of cell signaling in most sub-families of Arf GAPs
(excepting the ArfGAP1-3 group) may be taken as prima facie evidence for multiple roles in
cell signaling that may act in concert with or independent of GAP activity. The model that
Arf GAPs act solely as terminators of Arf signaling was first challenged experimentally by
work in the yeast S. cerevisiae, which suggested that Arf GAPs can function as effectors of
Arf. Four of the six proteins that contain Arf GAP domains were identified in a screen for
suppressors of the loss of Arf function [19]. Increasing expression of the Arf GAPs Gcs1,
Glo3, Age11, or Age2 was able to rescue the lethality resulting from Arf insufficiency. If
Arf GAPs functioned solely as terminators of Arf signaling, as suggested by their
biochemical Arf GAP activity, over-expression of Arf GAPs should only exacerbate the
effects of the loss of Arf, not rescue them. In the same study, deletion of the Arf GAP Gcs1
resulted in supersensitivity to fluoride in a manner similar to the loss of Arf1. Thus, loss of

1Note that AGE1 and AGE2 (Arf GAP with Effector function) were originally named SAT1 and SAT2 (Suppressors of arf1-ts) but
were later changed to avoid a conflict with another gene in the Saccharomyces Genome Database.
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Arf GAP produced the same phenotype as the loss of Arf1, suggesting again that they
function in the same pathway but not antagonistically, as would be predicted from a pure
negative regulator. Thus, Arf GAPs may act either to attenuate or mediate Arf signaling. If
Arf GAPs function as both effectors and terminators of Arf, then Arf GAP activity must be
strictly regulated to allow a non-catalytic interaction with Arf to facilitate effector function
and a catalytic interaction with Arf to terminate Arf signaling. Studies of Arf GAP kinetics
in vitro have relied heavily on the use of isolated GAP domains and are almost certain to
have overlooked critical aspects of the regulation of Arf GAP activity by domains within the
Arf GAP or by other binding partners. For instance, both the PH and BAR domains of
ASAP1 have roles in regulating its Arf GAP activity. The PH domain is functionally
integrated with the Arf GAP domain and is required for Arf GAP activity[21]. The BAR
domain of ASAP1 inhibits Arf GAP activity and has been shown to be essential for the
function of ASAP1 in cells [22-23]. Thus, domains outside of the canonical Arf GAP
domain are essential for ASAP1 Arf GAP activity and may be key regulators of the function
of ASAP1 in cells.

A third line of investigation provides even stronger, and more direct, evidence that at least
one Arf GAP is a required component in the generation of Arf-dependent carriers of
membrane traffic. Both yeast and human orthologs of the ArfGAP2/3 sub-family bind
directly to both coat components and cargo molecules [24-28]. Yeast Glo3 facilitates the
formation of a tripartite priming complex with Arf1 and any of three ER (endoplasmic
reticulum)-Golgi v-SNARES for the recruitment of coatomer in vitro [29]. Interaction
between COPI and SNARE was not observed in the absence of Glo3 and addition of Glo3 to
the reaction mixture prior to the addition of coatomer was required. Thus, Glo3 interaction
with cargo was proposed to precede coatomer binding. Similarly, human ArfGAP2 and
ArfGAP3 were shown to be recruited to membranes through interactions with COPI and act
downstream of Arf, or in concert with other Arf effectors [30]. Thus, in these studies
orthologs of the ArfGAP2/3 family function as effectors rather than as simple down-
regulators of Arf in the context of cargo and coat recruitment. Of course, there is no reason
they cannot act in both capacities and more likely this is the case.

Human ArfGAP1 was also found to couple cargo to the COPI coat but did so in a manner
that was independent of Arf. Like ArfGAP2/3 orthologs, mammalian ArfGAP1 binds
directly to both coatomer and several SNARE proteins and facilitates the interaction
between the cargo and the coat [24,31-32]. But in contrast to the Glo3/ArfGAP2/3 studies,
the ArfGAP1 complex had no requirement for Arf. GAP activity was not required to
facilitate the interaction between coat and cargo as shown by use of an ArfGAP1 mutant that
lacks catalytic activity, ArfGAP1-R50K [31]. These data suggest that ArfGAP1 has a role in
cargo sorting that is independent of both Arf and GAP activity in a manner similar to but
different from Glo3. In this model ArfGAP1 forms a priming complex with cargo for the
recruitment of coatomer. In either instance, interaction with coatomer and cargo were
mediated by regions of Arf GAP outside of the catalytic domain and these effects could be
recapitulated with deletion mutants lacking the catalytic domain, further suggesting that
these functions can act independently of GAP activity [31,33]. Thus, ArfGAP1 clearly has
the potential to function as an effector of Arf and in processes or pathways that do not
involve direct binding to Arf. A more general conclusion that will likely be repeated in other
systems and with other Arf GAPs is that the presence of an Arf GAP in a pathway does not
in itself establish a role for an Arf in that same pathway.

The duality of ArfGAPs as both terminators and essential contributing components of Arf
signaling extends to at least one of the larger, multi-domain ArfGAPs. ACAP1 is involved
in the traffic of cargo from recycling endosomes to the plasma membrane, interacts
simultaneously with Arf6, clathrin, and the recycling cargo Glut4, and co-localized with
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each on recycling endosomes [34-35]. Knockdown of either Arf6 or ACAP1 resulted in the
loss of clathrin staining on recycling endosomes and inhibited Glut4 recycling to the plasma
membrane. Knockdown of Arf6 also resulted in the loss of ACAP1 from recycling
endosomes and prevented binding of Glut4 to ACAP1 and clathrin. Thus, ACAP1
functioned as an Arf6 effector in facilitating the interaction between coat and cargo and in
regulating Glut4 recycling. However, expression of the catalytically dead ACAP1 mutant,
ACAP1-R448Q, did not rescue the ACAP1 knockdown phenotype suggesting that GAP
activity was also required for the regulation of Glut4 recycling. Thus, ACAP1 functions as
both an Arf6 effector and as an Arf GAP in the same pathway supporting both the model for
Arf GAPs as terminators of Arf signaling and as effectors of Arf.

Models for GAPs acting as positive components in signaling are also not novel to the Arf
family. It is well documented that regulators of G-protein signaling (RGS) possess both the
canonical function as GAPs, terminating G-protein coupled receptor signaling, and non-
canonical roles as Gα and Gβγ effectors and as regulators of pathways independent of GPCR
signaling (for a recent review see [36]). Regulation of GPCR signaling pathways by RGSs is
also quite complex as RGSs coordinate the timing and amplitude of these pathways [37].
RGSs facilitate the rapid termination of GPCR signaling when stimulus is removed but must
also allow for sufficiently high levels of activation upon stimulation. To allow for signal
transduction, RGSs must either potentiate G-protein activation or GAP activity must be
inhibited and there is evidence to support both mechanisms. Thus, RGSs regulate both the
activation and termination of G-protein signaling in response to stimulus. A parallel may be
drawn for the Arf GAPs in Arf signaling pathways. If Arf GAP activity remained high at all
times, the result would be unproductive cycling of Arf on and off the membrane. Thus,
timing of Arf GAP activity must be coordinated in order to allow for and terminate Arf
signaling, though this is currently an understudied aspect of Arf GAP biology.

Together, there is a compelling and growing amount of data revealing that the prevailing
model for the function of Arf GAPs in cells solely as terminators of Arf signaling is too
limited. The literature supports a much more complex model for Arf GAPs that includes
both the termination of Arf signaling, Arf effector function, and roles in other pathways that
are independent of Arf. A model for the roles of Arf GAPs in Arf-dependent functions is
presented in Figure 1.

Does ArfGAP1 positively or negatively regulate COPI assembly?
On the surface this would appear to be a straightforward and readily addressed issue.
However, it has proven to be probably the most controversial question in models of Arf
GAP function because mainly two different laboratories have conducted parallel studies and
obtained opposing results and conclusions. The ArfGAP1 and ArfGAP2/3 subfamilies play
critical roles in retrograde traffic from the Golgi to the ER, although no single member is
essential for this process, based upon the lack of phenotype upon depletion of any one of the
ArfGAP1-3 proteins in mammalian cells or Gcs1 or Glo3 in yeast [14,20,38]. The yeast
ortholog of ArfGAP1 is Gcs1 and a single representative exists of the ArfGAP2/3 family in
yeast, Glo3. Loss of all three, ArfGAP1-3, in mammalian cells, or of Gcs1 and Glo3 in
yeast, result in severe defects in membrane traffic [14,20,38]. This double deletion in yeast
causes accumulation of ER membrane and blocks secretion at an early stage. In vitro
transport assays also revealed a defect in retrograde transport from the Golgi [38]. Depletion
of ArfGAP1-3 in mammalian cells resulted in the loss of Golgi morphology and a
redistribution of Golgi retrograde cargos to the ER-Golgi intermediate compartment
(ERGIC). Cells depleted of ArfGAP1-3 were also defective for retrograde transport from the
Golgi using an in vivo transport assay [14]. Thus, the ArfGAP subfamily is required for
COPI-mediated retrograde transport from the Golgi to the ER and may also display

East and Kahn Page 5

Semin Cell Dev Biol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



secondary phenotypes. The bulk of the literature on the mammalian ArfGAP subfamilies is
comprised of studies of ArfGAP1 but the overlapping and compensatory functions of
ArfGAP2-3 for ArfGAP1 suggest that these findings may also extend to ArfGAP2-3. While
there appears to be widespread agreement on the importance of ArfGAP1-3 in retrograde
traffic from the Golgi, the mechanisms involved remain in dispute.

The use of reconstitution assays for aspects of membrane traffic has proven a very powerful
means of demonstrating the roles of many components in the assembly or disassembly of
carriers. However, such studies are often plagued by the potential for artifacts resulting from
non-physiological concentrations of one or more reactants. These processes are clearly the
result of many protein-protein and protein-lipid interactions of relatively low affinity that
can be made to proceed in vitro despite the lack of components that may be required in vivo.
The purity of membrane or protein preparations is also a confounding factor, particularly
when testing the requirement for a protein that may act catalytically (e.g., an Arf GAP) and
present in relatively low levels, compared to coat proteins that are predicted to serve
structural roles.

A study by members of the Hsu laboratory offered a potential mechanism for the function of
ArfGAP1 in regulating retrograde traffic from the Golgi by serving as a component of the
COPI coat [32]. In this study, a two stage COPI vesicle reconstitution assay was used to
show that ArfGAP1 persisted on COPI coated vesicles following their release from isolated
Golgi donor membrane. COPI coated vesicles generated in this manner were similar in
morphology and size to COPI vesicles reconstituted from isolated Golgi in previous studies
and migrated in a similar manner on sucrose gradients. Immunogold EM confirmed the
presence of the COPI coat and ArfGAP1 on these vesicles. ArfGAP1 levels on COPI coated
vesicles were stoichiometric with the COPI component β-COP as determined by quantitative
immunoblot analysis. These data were interpreted as evidence that ArfGAP1 is a component
of the COPI coat. These findings were corroborated in a similar study in yeast in which
endogenous Glo3 was found to co-purify with COPI coated vesicles reconstituted from
isolated Golgi and another study in which ArfGAP2 and ArfGAP3 were associated with
COPI coated vesicles reconstituted from isolated Golgi and cytosol, suggesting that
ArfGAP2/3 members are components or are stably associated with these vesicles [25-26].
Further analysis of COPI coated vesicles from Hsu's study revealed that Arf was not
associated with these vesicles by immunoblot or immunogold EM [32].

Work from the Wieland laboratory appears to refute the finding that ArfGAP1 is a
component of the COPI coat and is consistent with the majority of the results from COPI
vesicle reconstitution assays [39]. Using a variation of a COPI vesicle reconstitution assays,
ArfGAP1 was not required for the formation of the COPI coated vesicles. Instead,
ArfGAP1antagonized the accumulation of COPI coated vesicles in a dose-dependent
manner, though it is not clear whether ArfGAP1 prevented the generation of vesicles or
whether it triggered the loss of the COPI coat. Vesicles generated in this manner were
homogeneous, had morphology consistent with previous COPI coated vesicle preparations,
and migrated to the same place in sucrose gradients. Quantitative immunoblot analysis of
purified vesicles revealed that Arf levels were stoichiometric with β-COP. These findings
were consistent with the results of previous vesicle reconstitution assays from isolated Golgi
which identified the seven subunits of COPI and Arf as the minimal components of COPI
coated vesicles [40-41]. Yet another COPI vesicle reconstitution using liposomes and
chemically defined components yielded the same requirement of only COPI and Arf for
vesicle reconstitution and also showed that addition of the catalytic domain of ArfGAP1
antagonized COPI vesicle biogenesis [42-43]. Thus, two prevailing models for the minimal
components of COPI vesicles exist. In Hsu's model, COPI vesicles consist of COPI and
ArfGAP1 but not Arf, whereas Wieland's model includes COPI and Arf but not ArfGAP1.
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The study from the Wieland laboratory also suggested that the assay used to identify
ArfGAP1 as a coat component could not reliably discern COPI coated vesicles from donor
membrane fragments. In Hsu's assay, the level of β-COP in immunoblots of the supernatant
after incubating purified Golgi with Arf, COPI, and ArfGAP1 was used as an assay of COPI
vesicle reconstitution [32]. The same assay was used to show that ArfGAP1 was released
from the Golgi pellet in a manner similar to COPI. Wieland's group used the same assay and
showed that ArfGAP1 was released from the Golgi pellet independent of the release of
COPI by preventing vesicle fission with GTPγS and Arf1-Q71L [39]. Thus, release of
ArfGAP1 was not necessarily coupled to COPI vesicle reconstitution. Centrifugation of
these vesicle fractions at 200,000×g, which is predicted to pellet all membranes, resulted in
an ArfGAP1 containing pellet that did not contain detectable amounts of COPI. Thus,
ArfGAP1 associated non-specifically with membrane fragments released from the donor
membrane that did not result from COPI vesicle budding, suggesting ArfGAP1 was a
contaminant of COPI vesicle preparations rather than a component of the COPI coat. These
findings are consistent with the observations that ArfGAP1 is capable of binding membranes
directly, through its ALPS domain, in a process that is thought to be enhanced with
increasing membrane curvature [44]. COPI may stabilize this association through a direct
interaction with ArfGAP1. Thus, it is unclear whether ArfGAP1 simply bound non-
specifically with the highly curved COPI coated vesicles or whether it was a functional
component of the COPI coat.

It appears clear from the literature that ArfGAP1 is not an obligate, stoichiometric
component of the COPI coat. COPI and Arf appear to be the minimal components of the
COPI coat and vesicles can be reconstituted from both isolated Golgi and liposomes using
only those components [40,42]. Although Hsu's group presented compelling evidence that
ArfGAP1 is a component of the COPI coat it is still unclear whether this association is the
result of non-specific binding by ArfGAP1 to the membrane or a specific and essential
interaction with COPI. Perhaps the most intriguing finding was that COPI vesicles
containing ArfGAP1 did not contain Arf. These data are consistent with both in vivo data
suggesting that COPI persists on membrane after the dissociation of Arf and proteomic
analysis of COPI coated vesicles in which Arfs and ArfGAP1 were not detected [45-50].
There is also evidence suggesting that the accumulation of cargo in nascent buds or mature
carriers is dependent upon GTP hydrolysis, or at least is compromised by the use of GTPγS
or Arf1-Q71L in vitro and in cells and that ArfGAP1 plays a direct role in this type of cargo
sorting [51-54]. Thus, addition of ArfGAP1 to vesicle reconstitution assays may have
resulted in the generation of more physiologically relevant COPI coated vesicles that retain
the COPI coat but not Arf.

Is ArfGAP1 required for fission of COPI coated vesicles?
Fission of coated vesicles from donor membranes has also been argued to require ArfGAP1
though this is another point of controversy in the field [32,55]. A common feature of nearly
all COPI reconstitution assays is the necessity of some manipulation for the release of
vesicles from the donor membrane, with the possible exception of liposome based assays.
When isolated Golgi membranes are incubated with a source of GTP, COPI, and Arf, coated
buds are clearly visible by EM but are arrested at a stage preceding vesicle fission [56].
Several manipulations have been reported to overcome this block in vesicle fission/
maturation including mechanical disruption via pipette shearing, high salt washes, or the
addition of ArfGAP1 or palmitoyl-coenzyme A (palm-CoA) [32,39,41,57]. Thus, two
prevailing models exist for the fission of COPI coated vesicles. In one model, ArfGAP1
plays a critical role in a manner that also involves palm-CoA. In the other model, tethering
interactions link COPI vesicles to the donor membrane and are disrupted experimentally by
high salt treatment. In the two-stage COPI reconstitution assay, addition of ArfGAP1 to
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Golgi membrane pre-bound with Arf and COPI was sufficient to release COPI vesicles [32].
ArfGAP1-mediated fission was later found to also require residual Brefeldin-A ADP-
ribosylated Substrate (BARS) bound to the donor membrane [55]. COPI vesicle
reconstitution could be blocked by more stringent washing of the donor membrane that
removed BARS or by the addition of an inhibitory antibody against BARS. ArfGAP1 and
BARS interact directly and both were required for the efficient release of COPI coated
vesicles. Thus, ArfGAP1 and BARS function together in stimulating vesicle fission. BARS
also binds palm-CoA and this binding enhanced both vesicle reconstitution and the binding
of BARS to ArfGAP1. Addition of palm-CoA to stringently washed Golgi did not allow for
the release of COPI vesicles. Thus, BARS is at least one factor that mediates COPI fission
stimulated by palm-CoA. These findings suggest that ArfGAP1 and BARS represent key
machinery for COPI vesicle fission in cells.

At least two groups have reported that a salt wash is sufficient to release COPI coated
vesicles [39,41]. When compared to the release of COPI by ArfGAP1, a 250mM KCl wash
was considerably more efficient at releasing COPI coated vesicles and could overcome
blocks by GTPγS and Arf1-Q71L [39]. Thus, COPI vesicle fission was mediated
independently of Arf-mediated GTP hydrolysis and ArfGAP1. A likely mechanism for the
fission of vesicles in this manner is the disruption of protein-protein interactions that link
vesicle buds to the donor membrane.

Whether fission of COPI coated vesicles is mediated by ArfGAP1 and BARS or the
disruption of tethering factors in cells remains to be determined. Release of COPI coated
vesicles in reconstitution assays precludes the absolute requirement of ArfGAP1 in the
fission process but says little about the precise mechanism. Wieland's group offered an
intriguing model in which either or both mechanisms may facilitate the release of COPI
coated vesicles [39]. The tethering protein GMAP-210 links curved or vesicular membrane
to flat membrane in an Arf1- and GTP- dependent manner [58]. Thus, disruption of tethering
mediated by GMAP-210 may be a convergent mechanism of both high salt treatment and
addition of ArfGAP1 in stimulating the release of COPI coated vesicles. Hydrolysis of GTP
stimulated by ArfGAP1 would terminate the interaction between GMAP-210 and Arf to
release the vesicle whereas high salt treatment may disrupt the protein-protein interaction
directly. Thus, ArfGAP1, BARS, and tethering factors such as GMAP-210 are prime
candidates for further study of COPI fission machinery.

Do Arf GAPs regulate uncoating?
A widely proposed role for Arf GAPs in membrane traffic is to stimulate vesicle uncoating
at destination or acceptor membranes. This model was first proposed based solely upon the
suggested presence of a high molar ratio of Arf-GTP to COPI and the obvious need to
remove the COPI coat prior to fusion [40]. This model was supported by the finding that
GTP hydrolysis by Arf was required for the dissociation of COPI from the vesicle linking
Arf GAP activity to vesicle uncoating [59]. When GTPγS or Arf1-Q71L was used in in vitro
transport assays, coated vesicles formed but transport was inhibited. Examination of the
vesicles by EM revealed an accumulation of coated vesicles with few or no uncoated
vesicles detected. Thus, uncoating was proposed to be linked to the ability of Arf to
hydrolyze GTP. Because Arfs lack detectable intrinsic GTPase activity, Arf GAPs were
implicated in triggering vesicle uncoating by stimulating GTP hydrolysis. Addition of any
full length ArfGAP1-3 or the isolated catalytic domain of ArfGAP1 to COPI coated vesicles
derived from liposomes resulted in vesicle uncoating supporting a potential role for Arf
GAP activity in this process [27,30,43].
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The control of vesicle uncoating by Arf GAPs was further elucidated by the finding that
COPI enhanced ArfGAP1 catalytic activity. Addition of COPI to the reaction mixture of
Δ17-Arf1 and the catalytic domain of ArfGAP1 enhanced GAP activity by several orders of
magnitude in a dose-dependent manner [60]. These findings provided the first mechanism
by which an Arf GAP activity may be regulated to ensure a productive context for this
activity and are consistent with either a role for Arf GAPs in vesicle uncoating or
biogenesis, as these in vitro observations do not differentiate between a possible hydrolysis
and release of Arf during vesicle biogenesis from a regulated hydrolysis that is triggered by
another factor at the site of vesicle fusion. These findings were later challenged using full-
length myristoylated Arf1 as a substrate where addition of COPI to the reaction mixture had
no effect on GTP hydrolysis by ArfGAP1 [16]. Full-length ArfGAP1 was also found to
exhibit considerably greater Arf GAP activity in the absence of COPI than the catalytic
domain used in Goldberg's original work. The two conflicting datasets were later reconciled
by a more detailed kinetic study of ArfGAP1 [61]. In this study, COPI enhanced ArfGAP1
activity against both myristoylated Arf1 and Δ17-Arf1 by increasing the affinity of Arf1 for
ArfGAP1. As COPI affected the Km and not the kcat, the experimental conditions in the
previous study may have prevented the detection of the effects of COPI on ArfGAP1
activity. Thus, COPI was confirmed to have the potential for allosteric regulation of
ArfGAP1 activity and may be a key regulator of this activity during COPI vesicle biogenesis
or uncoating by coordinating GTP hydrolysis.

Kinetic analysis of Arf1 and COPI membrane dynamics appears to refute the model for the
regulation of vesicle uncoating by Arf GAPs at the destination or acceptor membrane by
suggesting that dissociation of COPI from membrane was not linked to the dissociation of
Arf [45]. Using live-cell imaging with fluorescently tagged constructs, COPI-GFP (GFP
fused to ε-COP) was found to persist on the membrane longer than Arf1-GFP; as the half-
life of COPI-GFP was 35 sec and that of Arf1-GFP only 15 sec. Treatment of cells with
BFA which would prevent rebinding of Arf to the membrane resulted in a half-life of 13 sec
for Arf1-GFP and 30 sec for COPI-GFP, further suggesting that the dissociation of COPI-
GFP was not coupled to the dissociation of Arf1-GFP. When Arf1-Q71L-GFP was used,
both Arf1-Q71L-GFP and COPI-GFP were irreversibly associated with the membrane,
suggesting that GTP hydrolysis is required for dissociation of Arf1-GTP and subsequently
COPI-GFP. These findings suggest that GTP hydrolysis (and dissociation of Arf1) is
essential and upstream of COPI dissociation or uncoating but is not necessarily the
uncoating trigger.

Another argument against the model that Arf GAP-stimulated hydrolysis of GTP on Arfs
acts as a trigger for vesicle uncoating at a destination membrane is that this model requires
that Arf be present in the mature carriers, and presumably at levels approaching those of
adaptors, e.g., COPI. However, proteomic analyses of three different purified Arf-dependent
vesicle preparations (COPI [48], AP-1 [46-47,49] and AP-3 [50] coated vesicles) each
reported finding no Arfs among the large lists of protein components. Though it is
dangerous to make hard conclusions from negative data of this kind, these data raise serious
doubts about the presence of Arfs on mature carriers. Thus, GTP hydrolysis by Arf and,
therefore, Arf GAP activity is ultimately a pre-requisite for vesicle uncoating though it is
unlikely to be the trigger. Rather, we propose that GTP hydrolysis by Arfs occurs during the
process of carrier biogenesis and leads to release of Arfs prior to release of the mature
carrier from the donor membrane.

Conclusions
Arf GAPs are absolutely required for Arf-mediated GTP hydrolysis but their function in
cells is not limited to this activity. Studies in yeast and mammalian cells have shown at least
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some Arf GAPs to be effectors of Arfs and to have the potential to mthat do not involve Arf.
The small, single domain ArfGAP1 subfamily is the most thoroughly studied and has been
proposed to facilitate multiple steps of COPI vesicle biogenesis, including uncoating of
COPI coated vesicles. Which of these activities may be attributed to coordinating Arf-
mediated GTP hydrolysis remains unclear but it is unlikely that this event mediates all of the
proposed functions of ArfGAP1 in the COPI pathway. It will be important in the near future
to extend molecular testing of Arf GAP actions to other types of carriers, using different
Arf-dependent adaptors (e.g., AP-1, GGAs, and Mints) both to test the generalities of
observations made with COPI carriers and in hopes of providing new insights. But further
study of ArfGAP1 is also required both to reconcile the controversial findings summarized
in this review and to elucidate the precise mechanisms of ArfGAP1 in these pathways. The
study of ArfGAP1 has been a very profitable means of determining a model for the function
of Arf GAPs in membrane traffic but it is dangerous to assume these models apply to other
Arf GAPs. ArfGAP1 is among the smallest member of the Arf GAPs which are generally
large proteins with diverse domain architecture linked only by the presence of the relatively
small Arf GAP domain. Thus, studies of ArfGAP1 provide a starting point for the study of
other Arf GAPs but each likely facilitates diverse functions and should be considered
independently.
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Abbreviations used

Arf ADP-ribosylation factor

GAP GTPase-activating protein

GEF guanine nucleotide exchange factor

ER endoplasmic reticulum

ERGIC endoplasmic reticulum-Golgi intermediate compartment

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptors

GDP guanosine 5-diphosphate

GTP guanosine 5-triphosphate

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis
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Figure 1.
Model of Arf GAP functions in Arf-dependent signaling and termination. The GTP cycle of
Arf depends upon Arf GEFs to facilitate the exchange of bound GDP for GTP and Arf
GAPs to stimulate hydrolysis of GTP to GDP. GTP binding by Arf induces a conformational
change that increases the affinity of Arf for effector proteins ultimately leading to a
biological response, mediated by effectors. As discussed in the text, association with Arf
GAPs or with Arf GAP/effector complexes also results in biological responses, suggesting
that Arf GAPs can serve as Arf effectors. Thus, Arf GAPs have at least dual roles in
regulating Arf signaling as terminators and effectors. This conclusion also points to the
regulation of Arf GAP activity as a critical, yet understudied, aspect of Arf and Arf GAP
signaling.
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