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ABSTRACT

Arf GTPases assemble protein complexes on membranes to carry out major functions in cellular
traffic. An essential step is their activation by guanine nucleotide exchange factors (GEFs), whose
Sec7 domain stimulates GDP/GTP exchange. ArfGEFs form 2 major families: AfGEFs with DCB, HUS
and HDS domains (GBF1 and BIG1/BIG2 in humans), which act at the Golgi; and ArfGEFs with a C-
terminal PH domain (cytohesin, EFA6 and BRAG), which function at the plasma membrane and
endosomes. In addition, pathogenic bacteria encode an ArfGEF with a unique membrane-binding
domain. Here we review the allosteric regulation of Arf GTPases and their GEFs at the membrane
interface. Membranes contribute several regulatory layers: at the GTPase level, where activation by
GTP is coupled to membrane recruitment by a built-in structural device; at the Sec7 domain, which
manipulates this device to ensure that Arf-GTP is attached to membranes; and at the level of non-
catalytic AfGEF domains, which form direct or GTPase-mediated interactions with membranes that
enable a spectacular diversity of regulatory regimes. Notably, we show here that membranes
increase the efficiency of a large ArfGEF (human BIG1) by 32-fold by interacting directly with its N-
terminal DCB and HUS domains. The diversity of allosteric regulatory regimes suggests that ArfGEFs
can function in cascades and circuits to modulate the shape, amplitude and duration of Arf signals
in cells. Because Arf-like GTPases feature autoinhibitory elements similar to those of Arf GTPases, we
propose that their activation also requires allosteric interactions of these elements with membranes
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Introduction

Small GTPases of the Arf family control many aspects of
lipid and membrane traffic, such as the formation of
vesicles, the assembly of membrane contact sites or the
regulation of lipid-modifying enzymes, and they are also
subverted by several pathogens to manipulate host traffic
(reviewed in ref. 1). In their membrane-attached and
GTP-bound form, Arf GTPases interact with a variety of
effectors with unrelated structures, which they assemble
into multivalent membrane-binding platforms (reviewed
in ref. 2). It is accepted that guanine nucleotide exchange
factors (GEFs), which activate small GTPases by stimu-
lating exchange of GDP for GTP, also have important
roles in specifying the subcellular localization and down-
stream effectors of GTP-bound GTPases (reviewed in
ref. 3). Arf GTPases are activated by GEFs characterized
by a conserved Sec7 domain which is responsible for
stimulating GDP/GTP exchange.*® Two major families
of ArfGEFs in eukaryotes and one bacterial family can be
defined based on their related domain organizations®®
(Fig. 1). ArfGEFs with a dimerization and cyclophilin-

binding (DCB) and homology upstream Sec7 (HUS)
domain and 3 or 4 homology downstream Sec7 (HDS)
domains (refered to as large ArfGEFs hereafter) are
found in all eukaryotes. In humans, this family comprises
2 subfamilies: GBF1, which functions primarily at the
cis-Golgi, and BIGI and BIG2, which activate Arf
GTPases at the trans Golgi network (TGN). ArfGEFs
with a phosphoinositide-binding pleckstrin homology
(PH) domain in C-terminus (PH domain-containing
ArfGEFs hereafter) are found only in animals, where
they activate Arf GTPases at the cell periphery. This fam-
ily comprises 3 subfamilies, cytohesins, Brefeldin A-
Resistant ArfGEF (BRAG) and Exchange Factor for Arf6
(EFA6), which diverge in the regions located upstream
of their Sec7 domain. The intracellular pathogens
Legionella pneumophila, which is responsible for Legion-
naire’s disease and Rickettsia prowazekii, which causes
epidemic typhus, encode a type IV effector called RalF
with a domain homologous to the eukaryotic Sec7
domain and a domain unrelated to any eukaryotic
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Figure 1. Conserved domains in human large ArfGEFs and PH domain-containing ArfGEFs and in bacterial ArfGEFs. Alternative names
for PH domain-containing ArfGEFs subfamily members are: cytohesin-1/GRP1/ARNO2; cytohesin-2/ARNO/ARNO1; cytohesin-2/ARNO3;
cytohesin-4/ARNO4; EFA6A/PSD1; EFA6B/PSD4,EFA6C/PSD2; EFA6D/PSD3; BRAG1/IQSEC2; BRAG2/IQSECT/GEP100, BRAG3/IQSEC3.

domain. RalF is a bacterial ArfGEF, which is secreted to
activate host Arf GTPases during infection.

Here we discuss the current knowledge in the molecu-
lar and structural mechanisms for the regulation of Arf
GTPases and their GEFs at the interface with mem-
branes, and how these processes can be described under
the different facets of allostery.

Built-in allostery in the structural mechanism of
Arf activation at the membrane interface

The core mechanism of activation of Arf GTPases at
the membrane interface has been extensively investi-
gated by biochemical and structural studies and its
general features are now well understood. Arf
GTPases differ from “classical” small GTPases of the
Ras superfamily in that, in addition to the nucleotide-
binding switch 1 and switch 2 regions, they have 2
unique switch regions that undergo large remodeling
upon GDP/GTP exchange: a N-terminal myristoylated
amphipathic helix located opposite to the nucleotide-
binding site’!® and the interswitch, a B-hairpin that
connects switch 1 and switch 2 and runs across the
GTPase'™'"'* (Fig. 2A). The myristoylated N-terminal
helix is critical for the association of Arf-GTP with
membranes; biochemical and NMR studies showed
that it interacts with the membrane bilayer by both
the myristate and aromatic/aliphatic residues.'*'>"”
In contrast to Arf-GTP, in Arf-GDP the N-terminal

helix forms intramolecular interactions with the core
of the GTPase that shield its myristate and mem-
brane-binding residues, and thus block its association
with membranes.'®'® Remarkably, the autoinhibited
conformation of the N-terminal helix also inhibits the
binding of GTP: structures of Arf-GDP showed that
it stabilizes the interswitch in a retracted conforma-
tion that obstructs the binding site of the y-phosphate
of GTP.'®"" The priming event for the activation by
GTP is thus the displacement of the myristoylated N-
terminal helix by membranes to release this first layer
of autoinhibition. The second layer of autoinhibition
is released by the toggle of the interswitch B-hairpin,
a 2-residue shift that converts the GTPase to the
canonical conformation observed in other GTPases
and remodels the nucleotide-binding site to bind
GTP. Remarkably, the interswitch toggle obstructs the
intramolecular binding site for the N-terminal helix,
thereby ensuring that Arf-GTP is securely bound to
membranes by its N-terminus. Because of these auto-
inhibitory elements, myristoylated Arf-GDP is strictly
resistant to activation by GTP in the absence of mem-
branes, whether by an ArfGEF™ or by chelating
Mg’" with EDTA to facilitate GDP dissociation
(Fig. 2B). Using tryptophan fluorescence to monitor
the conformational change or mant-nucleotides and
FRET fluorescence to monitor nucleotide exchange
directly, we show that EDTA is unable to promote
the conformational change or the loading of GTP.
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Figure 2. Coupled activation by GTP and membrane recruitment of Arf GTPases. (A) The switch elements of Arf GTPases. The
switch 1 and switch 2 are found in all small GTPases; the myristoylated N-terminal helix and the interswitch are switch elements
unique to Arf and Arf-like small GTPases. The NMR structure of myristoylated yeast Arf1-GDP is from ref. 18; PDB entry 2K5U. (B)
EDTA does not promote GTP binding on ™"Arf1 in solution. No nucleotide exchange was measured upon addition of EDTA,
whether by tryptophan fluorescence (top) or by monitoring mant-GTP fluorescence (bottom) (see Methods for wavelengths).
Analysis of mant-GTP fluorescence in the absence of protein showed that the large initial increase is due to its intrinsic fluores-
cence, and that the slow increase following EDTA addition is due to an effect of EDTA on the interactions between mant-GTP
and Mg“, as it was not observed in a Mg“-free buffer (data not shown). (C) Schematic representation of the stimulation of
GDP/GTP exchange by the Sec7 domain on membranes. One: the N-terminal helix, which locks Arf-GDP in an autoinhibited con-
formation in solution, is displaced by membranes; 2: membrane-attached Arf-GDP is recognized by the Sec7 domain (here, stabi-
lized by the drug Brefeldin A); 3: the Sec7 domain promotes the toggle of the interswitch, which releases autoinhibition of the
GTP-binding site and secures Arf to the membranes (here, stabilized by mutation of the catalytic glutamate to lysine); 4: the
Sec7 domain dissociates GTP from Arf to form a nucleotide-free complex; 5: GTP binds to membrane-associated Arf. Arf-GDP is
from ref. 11, PDB entry 1RRG; the Arf-GDP-Sec7 complexes trapped by Brefeldin A and by mutation of the catalytic glutamate
are from ref. 26, PDB entries 1SD9 and 1R8S; nucleotide-free Arf-Sec7 is from ref. 14; Arf1-GTP is from ref. 86, PDB entry 103Y.
The structure of the N-terminal helix and the position of the complexes with respect to membranes are dicative. The toggle of
the interswitch is indicated by an arrow.
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Thus, caution is advised that it does not appear to be
possible to produce "™ Arf-GTP in solution, which
should be taken into account when devising experi-
mental protocols.

Altogether, the N-terminal helix and the interswitch
couple the recruitment of Arf to membranes to its activa-
tion by GTP such that Arf is autoinhibited in the cytosol
and Arf-GTP is entirely membrane-associated. With
crystal structures depicting the GDP/GTP cycle of
Arf1'%h 4 and Arf6,2%%! we realized that this spectacu-
lar conformational switch is a common feature that
defines Arf and Arf-like GTPases as a distinct GTPase
family and that it is encoded in specific sequence signa-
tures.”” This mechanism has the hallmarks of allostery: it
allows interactions on the side of the GTPase where it
interacts with membranes to propagate information to
the opposite side of the protein where it binds guanine
nucleotides.

Important questions regarding the energetics and
specificity of this built-in allosteric mechanism still
remain only partially understood. Deletion of the N-
terminal helix resulted in hydrogen bonds in the
interswitch of Arfl-GDP to exchange protons more
rapidly, as seen in NMR H/D exchange experiments,*
and in Arf6-GDP it resulted in the partial unfolding
of the interswitch in the crystal.>* These experiments
suggest that displacement of the N-terminal helix by
membranes, which is mimicked in solution by its
deletion, increases the internal dynamics to facilitate
the allosteric transition. Another important question
is the identification of the structural and physico-
chemical determinants that allow Arf GTPases, nota-
bly Arfl, to function on membranes as diverse as
those of the Golgi, plasma membrane or vesicles.?® Tt
is possible that the N-terminus of Arfl has sequence
or structural features that allow it to recognize differ-
ent types of membrane, and that other Arf family
members, which diverge from Arfl mostly in their N-
terminus, recognize membranes in a more specific
manner. Also, it cannot be excluded that subtle effects
are brought about by interaction with GEFs.

The allosteric contribution of membranes to the
activation of Arf GTPases by the Sec7 domain

It was observed early that the Sec7 domain, which
suffices to stimulate GDP dissociation in solution
using N-terminally truncated Arf GTPases, cannot
activate an intact Arf GTPase in the absence of a
membrane.”"” Thus, the Sec7 domain contributes lit-
tle, if at all, to the displacement of the autoinhibitory
N-terminal helix implying that ™7"Arf-GDP must
have been primed for activation by membranes prior

to its activation by an ArfGEF. This probably occurs
spontaneously through the equilibrium between solu-
ble ™" Arf-GDP and a ™ Arf-GDP intermediate that
is weakly bound to membranes (Fig. 2C). Crystallo-
graphic analysis of Arf/ArfGEF intermediates cap-
tured by the drug BFA,*>*” by a mutation of catalytic
glutamate that occupies the Mg** binding site®>***
and by removal of GDP'* revealed that ArfGEFs acti-
vate membrane-associated Arf-GDP in 2 discrete
steps (Fig. 2C). First, they promote the toggle of the
interswitch, which secures Arf to membranes before
dissociation of GDP;2® then GDP is displaced, allow-
ing for the entry of GTP." In other words, activation
of Arf GTPases results from the combined actions of
a membrane, which unlocks the N-terminal helix, and
of a GEF, which promotes the subsequent structural
remodeling. Communication between the membrane
and the GEF domain involves little direct contact, if
any, and can thus be described in the framework of
allostery. It is well established that Sec7 domains have
little conformational ﬂe:)(ibility,26’27’29'33 which makes
it unlikely that the GEF activity is regulated by con-
formational changes at the level of the Sec7 domain.
In the following sections, we discuss our current
knowledge on the regulatory roles of non-catalytic
domains of eukaryotic and bacterial ArfGEFs at the
membrane interface.

Regulation of large ArfGEFs by direct and small
GTPase-mediated interactions with membranes

The large ArfGEFs family includes 2 subfamilies,
GBF1 (the yeast orthologs of which are Geal and
Gea2) and BIGI/BIG2 (Sec7 in vyeast), which in
humans activate Arf GTPases at the cis Golgi and the
trans-Golgi network (TGN), respectively.® Conserved
domains outside the Sec7 domain in these ArfGEFs
were first identified based on sequence analysis.**
They include the DCB and HUS domains upstream
of the Sec7 domain and the HDS1 to HDS3 domains
downstream of the Sec7 domain, none of them has
homology to any conventional membrane-binding
domain (Fig. 1). The role of non-catalytic domains in
regulation and membrane localization of large Arf-
GEFs has begun to be unraveled, highlighting multi-
ple layers of interactions.

The DCB domain was originally described in the
plant homolog GNOM as supporting dimerization®
and the HUS domain was named after a conserved
motif, the HUS,box 36 whose mutation in yeast Gea2
impairs anterograde Golgi transport.”” The DCB and
HUS domains of yeast Sec7 form a compact helical
structure in which the conserved HUS motif is



unstructured and they have no structural resemblance
to known membrane-binding domains.’® We demon-
strate here that the DCB-HUS tandem is a mem-
brane-binding element and that it contributes to the
efficiency of Arf activation. A purified human BIG1
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associated directly with membranes in a liposome
co-sedimentation assay (Fig. 3A), and membranes
increased its activation of Arfl by 32 fold (k./Ky
determined using a range of GEF concentrations:
0.11 x 10> M~'s™" in solution and 3.5 x 10> M~ 's™"
on membranes) (Fig. 3B). The fact that this construct
had significant GEF activity in solution suggests that
the DCB-HUS domains do not form autoinhibitory
interactions with the Sec7 domain. Consistent with
our study, the DCB-HUS domains are required for
the association of mammalian BIG1 and BIG2 to the
TGN* and of human GBF1, which belongs to the
other subfamily of large ArfGEFs, to the Golgi.*’ In a
contrasting set of experiments, a yeast Sec7 construct
carrying the DCB-HUS-Sec7 domains did not bind to
membranes autonomously and was 3-4-fold less
active on membranes than in solution.”®*' This con-
struct was however about 4-fold more active on mem-
branes than the Sec7 domain and this led to a model
in which it was proposed to assist in the displacement
of the N-terminal helix of Arf.*® Together, these stud-
ies point to a conserved function of the DCB-HUS
domains in the association of large ArfGEFs with
membranes and in the regulation of their activity,
possibly with different structural implementations
between subfamilies and/or species that remain to be
established.

The HDS1 domain, which is located immediately
downstream to the Sec7 domain, is another region that
has been associated with the regulation of large ArfGEFs
on membranes. The HDS1 domain of human GBF1
bound directly to “Golgi-mix” liposomes and to artificial
lipid droplets, and this interaction was inhibited in a
construct comprising both the Sec7 and HDSI1
domains.*® Consistent with the inhibition of membrane-
binding elements in the HDS1 domain by the Sec7
domain, a yeast Sec7 construct encompassing the DCB-
HUS-Sec7-HDS1 domains did not bind autonomously
to membranes, yet it was about 5-fold more active on
membranes than the shorter DCB-HUS-Sec7 con-
struct.*' These studies are consistent with a mechanism

Figure 3. The DCB-HUS domains potentiates BIG1 activity on mem-
branes. (A) BIG1P®HYS% binds to liposomes containing 40% PC,
35% DOPC, 10% PE, 10% DOPE and 5% PI(4)P in a co-sedimentation
assay; S = supernatant, P = pellet (n = 2, error bars = SD). (B)
BIG1PBHUSSe7 i 37 times more active on membranes. Representative
nucleotide exchange kinetics traces for BIG1°“B"USe<7 (200 nM) acti-
vation of A17Arf1 in solution (top) or of ™"Arf1 in the presence of lip-
osomes containing 38% PC, 10% DOPC, 10% PE, 10% DOPE, 5% PS,
2% PI(4)P, 10% Pl and 15% cholesterol (bottom). Nucleotide
exchange was monitored by tryptophan fluorescence. Insets show
kest/Km determination of BIG1°®HYS5e for each substrate (n = 2).
Values are given in Table 1.
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in which membrane recruitment and activation are cou-
pled through an autoinhibitory mechanism involving the
HDSI1 domain, possibly with differences between the 2
subfamilies the details of which are currently unknown.

Binding of Arf and other small GTPases provides a sec-
ond layer of regulation of large ArfGEFs on membranes.
Arfl-GTP bound to the yeast Sec7 construct encompassing
the DCB-HUS-Sec7-HDS1 domains and recruited it to
membranes, and it enhanced its GEF activity up to 3-fold
on membranes.*’ BIG1 and BIG2 (the mammalian ortho-
logs of Sec7) also interacted with Arf-GTP in cells, but the
region critical for interaction was mapped to the N-terminal
DCB-HUS domains.”® Interaction with Arf-GTP was not
observed for yeast Geal, which belongs to the other large
ArfGEF subfamily *' or for its human ortholog GBF1,* sug-
gesting that it is specific to the Sec7/BIG subfamily. Other
GTP-bound small GTPases have been reported to interact
with large ArfGEFs and to regulate their localization and/or
activities. The Arfl-related GTPase Arll was shown to be
necessary for the recruitment of BIGI to the Golgi**** and
this is mediated by a direct interaction of Arl1-GTP with the
DCB domain.* Another trafficking small GTPase, Rab1b,
was required for the localization of GBF1 to the Golgi and
was shown to interact with the DCB-HUS N-terminal
domains.** Ypt1-GTP, the yeast ortholog of Rabl, Arll-
GTP and Ypt31-GTP, the yeast ortholog of Rabll, also
bound to yeast Sec7.** Overexpression of Ypt1 suppressed a
growth phenotype defect and mislocalization of a Sec7 car-
rying a mutation in the DCB domain, suggesting that it
interacts with the N-terminal region as observed in GBF1.**
This study showed that while Arfl-GTP and Arl1-GTP did
not increase the GEF activity of full-length yeast Sec7 and
Ypt1-GTP increased it only 2-fold, Ypt31-GTP increased its
activity 20-fold, suggesting that it is a major regulator of
Sec7 activity on membranes.*’

This ensemble of observations suggests that the 2 subfa-
milies of large ArfGEFs are recruited to membranes by mul-
tivalent interactions, both direct and mediated by trafficking
GTPases, some of them may also regulate autoinhibitory
and feedback effects. Understanding the structural organiza-
tion, membrane preference and subfamily specificity of
these elaborate patterns of autoinhibitory, GTPase and
membrane interactions will be an important next step
toward understanding the regulation of large ArfGEFs.

Reconstitutions using purified proteins and artificial mem-
branes have already provided important insight into the
molecular mechanisms of large ArfGEFs and should con-
tinue to be pivotal, together with structural studies, for deci-
phering the full “instruction manual” of large ArfGEF
regulation. Since individual regulatory interactions may
only have modest effects, stimulatory effects should be mea-
sured as accurately as possible to detect small differences
with confidence. For that reason, we recommend that Arf-
GEF activities are determined by k,,/K,, measured by kinet-
ics experiments over a range of GEF concentrations (see
Methods).

Regulation of PH domain-containing ArfGEFs by
membranes

ArfGEFs with a PH domain are found only in animals,
where they function at the plasma membrane and in endo-
somal processes.” They are subdivided in 3 subfamilies
which diverge in the regions located upstream of their Sec7
domain (Fig. 1). While the function of N-terminal regions
has remained poorly understood, the regulatory mecha-
nisms of PH domains have been extensively studied and
this revealed an unexpected diversity of regulatory regimes.
Although they display minimal homology to each other, the
PH domains of cytohes.ins,5 BRAG?*%* and EFA6** all
bind PI(4,5)P, phosphoinositides. Cytohesins also interact
with PI(3,4,5)P;, with splice variants with a di-glycine
instead of a tri-glycine in the 81-82 loop of the PH domain
showing a marked preference for this rare phosphoinosi-
tide.>*>* The polybasic region in the C-terminus of the PH
domain of cytohesins makes additional contributions to
their interaction with acidic membranes.” Biophysical and
molecular dynamics simulations suggest that the PH
domain and the polybasic region bind additional acidic lip-
ids at non-canonical binding sites.***> Whereas the activities
and specificities of these 3 subfamilies differ broadly in solu-
tion, all are highly potent at activating both Arfl and Arf6 in
the presence of membranes, including EFA6 which is not
active on Arfl in solution.*>** *>**® These stark differences
highlight the importance to assess specificity using mem-
branes and myristoylated Arf GTPases, as this is often the
starting point for building models of the biology of the pro-
teins being studied. k,/K,, toward Arfl in solution and on

Table 1. Catalytic efficiencies of ArfGEFs toward Arf1 are highly enhanced by membranes.

™TArf1 A17Arf1 fold increase
GEFs (Keae/ KX 10° M™'s™1) (keat/KmX 10° M~ s ™'Arf1/ A17Arf1
ARNQ®e7PH 165 + 9* 0.015 + 0.0004 3 11000
BRAG2%e<7PH 346 + 46 *° 2.5 +0.06% 138
EFA6><7PH 56+ 1% 0.011 + 0.005 *° 5090
BIG1PCBHUSSec7 3.53 £ 0.04* 0.11 £ 0.01* 32

*this study.



membranes determined using a range of GEF concentra-
tions are given in Table 1 for Sec-PH constructs of represen-
tative members of the cytohesin (ref. 33, this study),
BRAG” and EFA6* subfamilies. In contrast to the similari-
ties of these 3 subfamilies in their lipid and Arf specificities,
their regulation is unexpectedly different.

Cytohesins have a short region in the N-terminus of
the Sec7 domain which promotes homotypic and hetero-
typic dimerization, a conserved linker between the Sec7
domain and the PH domain, and a positively charged
extension in the C-terminus. Elements proximal to the
PH domain (Sec7-PH linker and C-terminal helix/poly-
basic region) shut down the GEF activity by obstructing
the active site of the Sec7 domain.”> Autoinhibition is
released by Arfl-GTP and Arf6-GTP, which bind to the
PH domain as effectors®>>>*" and enable a positive feed-
back mechanism whereby the activated Arfs modulate
the GEF activity of cytohesins®®' and enhance their
recruitment to membranes.”® Another activated small
GTPase, Arl4-GTP, binds to the PH domain of cytohe-
sins and recruits them to the plasma membrane,
although whether this is associated with autoinhibition
release is not known.”> The phosphoinositide-binding
site of cytohesins is fully accessible in their autoinhibited
conformation,” which suggests that phosphoinositides
can recruit cytohesins to membranes regardless of
whether or not they are autoinhibited or bound to Arf-
GTP. Thus, the PH domain of cytohesins has a dual reg-
ulatory role on membranes: it responds to PIP, or PIP;
phosphoinositides signals by recruiting cytohesins to
membranes through its canonical phosphoinositide-
binding site; and it modulates the shape of the Arf-GTP
signal by autoinhibition of the Arf-binding site and its
release by membrane-bound Arf-GTP. Depending on
whether the substrate and effector Arf isoforms are the
same or distinct, this mechanisms has the ability to
implement a positive feedback loop or a signaling cas-
cade, in both cases resulting in non-linear amplification
of Arf-GTP generation.

BRAG ArfGEFs have a ~500-residue N-terminal region
of essentially unknown function, and a linker between the
Sec7 and PH domains which is longer than in cytohesins
and extends the structure of the PH domain.”*® Unlike in
cytohesins, this extended PH domain is not autoinhibi-
tory.”>*® The crystal structure of a human BRAG2 construct
comprising the Sec7 and PH domains in complex with Arf
showed that the PH domain forms extensive intramolecular
interactions with the Sec7 domain.”” It also contacts Arfin a
manner that positions the GTPase and the canonical PIP,-
binding site in register to interact with membranes. Remark-
ably, although BRAG2%*""! is highly active in solution on
Arfl and Arf6, its activity is further increased by more than
2 orders of magnitude by membranes (Table 1),”>*
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approaching the theoretical maximal value of about 10°
M™'s™", corresponding to a rate which is limited only by
the diffusion of the proteins.”” Arf-GTP did not modify the
activity of BRAG2, indicating that the PH domain is not
involved in a feedback mechanism.*” This major difference
between BRAG and cytohesins is consistent with the obser-
vation that the side of the PH domain that binds Arf-GTP
in cytohesins™ is masked by the linker in BRAG2.>” The ori-
gin of the allosteric effect of membranes on BRAG efficiency
is best explained by multiple discrete intramolecular, pro-
tein-protein and protein-lipid interactions that result in an
optimized conformation and orientation of the Arf/BRAG
complex at the membrane interface. Mutations in the
related ArfGEF BRAGI are found in patients with nonsyn-
dromic intellectual disability.** Remarkably, several muta-
tions are located at the Sec7-PH interface where they could
impair the coupling between the ArfGEF and membrane-
binding functions, pointing to a defect in allosteric regula-
tion on membranes as a possible component of the disease.

EFA6 members have a poorly conserved region in the
N-terminus of their Sec7 domain whose function is cur-
rently poorly understood, and a positively charged
domain of ~150 residues in the C-terminus of their PH
domain (Ct hereafter).’® Neither the PH nor the PH-Ct
domains are autoinhibitory; yet, PIP,-containing mem-
branes increase activity by 2 orders of magnitude***
(Table 1). Remarkably, although EFAG6 is strictly specific
for Arf6 in solution, it activates both Arfl and Arf6 effi-
ciently on membranes, highlighting the fact that mem-
branes can modulate the specificity of GEFs for their
small GTPase substrates.” The regulatory regime of
EFAG6 is however strikingly different from that of the
other 2 subfamilies. EFA6 activity decreases as more Arf-
GTP is produced on membranes, suggesting that it might
be regulated by negative feedback.*” Although the struc-
tural details of this effect remain to be investigated, titra-
tion by the PH-Ct domains suggests that Arf-GTP
regulates EFA6 by interacting with this domain.

In summary, each subfamily uses its PH domain for a dif-
ferent allosteric usage on membranes: autoinhibition and
positive feedback in cytohesins, negative feedback in EFAS6,
and constitutive activity without feedback in BRAG.

Regulation of bacterial ArfGEFs by membranes

Membrane traffic pathways are often subverted by
pathogens, and manipulation of small GTPases regula-
tion is among their primary targets. The genomes of
Legionella and of Rickettsia encode a type IV effector
with a Sec7 domain homologous to that of eukaryotic
ArfGEFs which functions as a GEF to activate host Arf
GTPases.” The structure of Legionella RalF showed that
the Sec7 domain is strongly autoinhibited by a C-
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terminal domain that blocks access to the Arf-binding
site,’ and a similar autoinhibited conformation was
observed in the Rickettsia RalF homolog.®” Both bacterial
ArfGEFs are strongly activated by membranes, and the
membrane-binding site is identical to the elements in the
autoinhibitory domain that blocks the Arf-binding
site.*% Thus, activation of Arf GTPases by RalF
strictly depends on its recruitment to membranes.
Legionella RalF produces Arf-GTP at the surface of the
Legionella-containing vacuole where the pathogen hides
and replicates;*> however Rickettsia replicates in the host
cytosol and therefore should use RalF for different func-
tions. In that regard, it is remarkable that Legionella and
Rickettsia RalF respond to different membrane charac-
teristics for their activation.®” Legionella RalF is activated
equally well by membranes that contain acidic lipids or
are enriched in unsaturated lipids, suggesting that it is
tailored to remain active at the surface of the phago-
some-derived vacuole as it matures by incorporating ER-
derived vesicles. It is also a unique situation in which a
membrane-binding domain recognizes 2 membranes
with different characteristics. In contrast, Rickettsia RalF
has a strict requirement for anionic membranes, proba-
bly reflecting the cytosolic lifestyle of the pathogen.
These differences in membrane specificities are explained
by the ratio between positively charged residues, which
bind to acidic lipids, and aromatic residues, which wedge
in lipid packing defects, which differs between Legionella
and Rickettsia RalF.* Thus, both Legionella and Rickett-
sia have evolved a simplified ArfGEF version to subvert
host Arf GTPases, in which the same structural element
is responsible for autoinhibition and for membrane
binding to support allosteric regulation by membranes.

Discussion

50 years after the celebrated Monod-Wyman-Changeux
thermodynamic model was first formulated,”® the con-
cept of allostery experiences a spectacular renaissance.
The original concept, which was underlined by structural
communication between subunits in oligomeric proteins,
has undergone a major change in trademark to encom-
pass any situation in which distant sites in a protein
communicate in response to cellular clues to trigger a
change in activity.”! Recently, the realization that co-
localization on membranes is an important source at the
origin of allosteric interactions’* and that allosteric inter-
actions can establish through changes in dynamics even
in the absence of conformational changes,”” further
broadened the scope of the concept. The regulation of
Arf family activation by GEFs on membranes can be
described in this general framework at multiple levels: at
the structural level of the Arf GTPase itself, through

changes in conformation and dynamics that propagate
information between the guanine nucleotide-binding site
and the membrane-binding site; at the level of the Sec7
domains of ArfGEFs, which stabilize the interaction of
Arf GTPase with membranes prior to nucleotide
exchange by interacting with Arf at the opposite of its
membrane-binding site; and at the level of non-catalytic
domains of the ArfGEFs, which modulate the activity of
the GEF domain by interacting with membranes and
Arf-GTP and other small GTPases using sites remote
from the Arf-binding site. It is important to point out
however that not all increase in catalytic efficiency result-
ing from addition of membranes is due to allostery, since
co-association of ArfGEFs with Arf GTPases on a mem-
brane reduces the diffusion volume, thereby decreasing
the apparent Km and hence increases catalytic efficiency.

As predicted from sequence signatures,”” structural
studies of Arf-like and Arf-related GTPases, including
Golgi Arl1,*” cilium Arl3”*”7”® and Arl6”” and endo-
plasmic reticulum Sar1**®*! have now shown that autoin-
hibition by the N-terminal extension and the interswitch
takes place in these GTPases and is released by the dis-
placement of the N-terminus and the toggle of the inter-
switch. Thus, the allosteric mechanism that uses the
displacement of the N-terminal extension as a priming
event to autoinhibition release and the remodeling of the
interswitch as the means whereby information is propa-
gated to the nucleotide-binding site is probably general
to the entire Arf-like family. The N-termini of Arf-
related GTPases vary in length, sequence and post-trans-
lational modifications, and there is therefore ample rea-
sons to believe that they are displaced in different ways
to release autoinhibition. For instance, the N-terminus of
Arl3-GTP interacts with another protein,77’78’82 and it is
conceivable that there exists Arf-like GTPases in which
autoinhibition release involves interactions of the N-
terminus with both a protein and a membrane. Under-
standing this process will be a major theme for future
investigations of the molecular mechanisms that regulate
the activity of Arf-like GTPases.

A major advance over the last few years has been the dis-
covery that ArfGEfs have an unexpected diversity of alloste-
ric regulatory regimes (Fig. 4). This diversity evokes
important directions for future research. At the biochemical
and structural levels, our understanding of the full repertoire
and hierarchy of regulatory interactions, and of the struc-
tures and conformational changes that support them, still
remains fragmentary. Notably, structures of the N-terminal
domains of PH-domain containing ArfGEFs and of the C-
terminal domains in large ArfGEFs are still missing, and no
structure of a fully active, membrane-associated ArfGEFs, is
currently known. We anticipate that analysis of the structure
and biochemistry of full-length ArfGEFs will reveal aspects
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Figure 4. Models of allosteric activation of PH domain-containing ArfGEFs and of bacterial ArfGEFs by membranes. Note that each sub-
family regulatory regime is a unique combination of membrane-binding site autoinhibition and/or Arf-binding site autoinhibition and/

or feedback effect.

of their regulation and functions that cannot be identified by
working on isolated domains or truncated proteins. There
are also fascinating issues to be addressed at the functional
level, which depend in large part on an accurate understand-
ing of the “instruction manual” of active ArfGEFs. The
observation that the localization and regulation of large Arf-
GEFs depend on their product and/or on other trafficking
GTPases suggests that they may be interconnected in cas-
cades and that this should contribute to defining trafficking
checkpoints and enhancing the fidelity of anterograde cargo

transport at the Golgi.*>*"** Likewise, the diversity of regu-
latory regimes of PH-containing ArfGEFs raises exciting
prospects relevant to Arf functions at the cell periphery.
Notably, the realization that PH domain-containing Arf-
GEFs have little if any autonomous discrimination between
Arfl and Arf6 and they all recognize PIP, phosphoinositi-
des, suggests that they have the ability to activate both Arf
isoforms at the same time and on the same membrane.
These diverging regulatory regimes could then allow Arf-
GEFs to function in cascades, in which an Arf GTPase
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activated by a first ArfGEF binds to a second ArfGEF to acti-
vate another Arf GTPase, or in circuits, in which an acti-
vated Arf GTPase modulates the activity of an upstream
ArfGEF by positive or negative feedback effects. This could
expand the shape, duration and amplitude of Arf GTPases
activity and match them to specific cellular situations. The
observation that both EFA6 and BRAG2 were required to
usurp Arf GTPases during Salmonella invasion of host cells
may be an example of such coordinated activity.** As for
large ArfGEFs, determination of the structure, interactions
and regulatory functions of N-terminal elements in PH
domain-containing ArfGEFs and the analysis of the shape,
duration and efficiency of ArfGEFs activity in comprehen-
sively reconstituted assays will be important steps in deci-
phering how Arf GTPases functions are orchestrated by
ArfGEFs in cells.

Material and methods
Proteins

Human A17Arf1 (residues 18-181) and myristoylated Arfl
were obtained as described previously.*” ARNO***™ (resi-
dues 50-399) constructs cloned into the pET-8c vector is a
kind gift of Bruno Antonny (CNRS, France). ARNOS"H
was purified on NiNTA affinity column followed by size
exclusion chromatography. Human BIG1PPHYSSe7 (regi-
dues 2-888) was expressed in insect cells using the baculovi-
rus system and purified as described in ref. 85.

Liposomes binding assay

All lipids were obtained from Avanti Polar Lipids, except the
NBD- phosphatidylethanolamine (NBD-PE), which is from
Invitrogen. Sucrose-loaded liposomes that contained 40%
phosphatidylcholine (PC), 35% DOPC, 10% phosphatidyl-
ethanolamine (PE), 10% DOPE and 5% phosphatidylinosi-
tol-4-phosphate (PI(4)P) were freshly extruded through a
0.2 um filter (Whatman) and used within 2 days. Co-sedi-
mentation experiments were carried out as described previ-
ously® after incubation of 1 mM of liposomes with 3 M of
BIG1P“PHYS5e7 for 15 min at 20°C. Proteins were analyzed
by SDS-PAGE on a 4-20% TGX-stain free gel (Bio-Rad)
and detected by fluorescence after 2.5 min activation using a
ChemiDoc imaging system (Bio-Rad). Quantifications were
done with the Bio-Rad Image Lab™ software (v5.2).

Nucleotide exchange kinetics

Analysis of nucleotide exchange stimulation of ™"Arfl
by EDTA in solution was monitored by tryptophan fluo-
rescence (emission/excitation wavelengths of 292/
340 nm), mant-GTP fluorescence (emission/excitation

wavelengths of 350/440 nm) or FRET between protein
tryptophans and mant-GTP (emission/excitation wave-
lengths of 292/440 nm), in the absence of any detergent.
Briefly, ™"Arfl was incubated in 50 mM Hepes pH 7.4
and 120 mM potassium acetate, ImM MgCl, buffer then
100uM GTP or 5uM mant-GTP was added. The reac-
tion was initiated by addition of 10mM EDTA. ArfGEFs
catalytic efficiencies (K.,/K,,) were determined in solu-
tion using A17Arfl at 3 uM and/or in the presence of
100 uM liposomes using "™"Arfl at 04 uM as
described.?®% Liposomes contained 38% PC, 10%
DOPC, 10% PE, 10% DOPE, 5% PS, 2% PI(4)P, 10% PI
and 15% cholesterol (BIG1P“BHYSSe<7) or 389% PC, 20%
PE, 20% PS, 2% PI(3,4,5)P; and 20% cholesterol
(ARNO®*”PH) The concentration range for ARNQSe<7PH
was 1nM-4nM; under these conditions, the lag phase
corresponding to inhibition release by Arf-GTP was
negligible and kinetic traces could be fit with a mono-
exponential function. For all constructs, values are
mean =+ SD of 2 independent series of measurements
performed with different batches of liposomes.
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