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come     Arf family GTP loading is activated by, and generates, positive membrane curvature

INTRODUCTION

Small G-proteins cycle between a GTP-bound active state and a GDP-bound inactive state [START_REF] Gillingham | The small G proteins of the Arf family and their regulators[END_REF][START_REF] Souza-Schorey | ARF proteins: roles in membrane traffic and beyond[END_REF]. In the active state, these proteins are able to recruit a wide variety of effector molecules that participate in various cellular processes. The GTP-loaded status is regulated positively by guanine nucleotide exchange factors (GEFs) and negatively by GTPase activating proteins (GAPs). A common theme for small G-proteins is that they localize to membranes, and it is here that they execute their functions. Most members of the Ras superfamily of small G-proteins acquire a C-terminal lipid modification (geranylgeranylation or farnesylation) that anchors these proteins to the membrane. Arf (ADP-ribosylation factor) and Arl (Arf-like) family proteins have a myristoylated (C14:0) N-terminal helix that is thought to facilitate membrane binding. The myristoyl moiety is attached to the second glycine following removal of the first methionine.

The six mammalian Arfs can be categorized into three subclasses based on sequence similarities. Class I Arfs (Arf1-3) are involved in the recruitment of membrane budding machineries while the roles of Class II Arfs (Arf4 and Arf5) remain unclear. Arf6 alone constitutes the third class and this protein has been shown to regulate trafficking in the endocytic system, actin polymerization and cell migration. Structural details of Arf1 and Arf6 have been described through crystallographic interrogation of the GDP-and GTP-bound proteins [START_REF] Pasqualato | The structural GDP/GTP cycle of human Arf6[END_REF][START_REF] Amor | Structure of the human ADP-ribosylation factor 1 complexed with GDP[END_REF][START_REF] Menetrey | Structure of Arf6-GDP suggests a basis for guanine nucleotide exchange factors specificity[END_REF]. Surprisingly, the rearrangements induced by GTP loading are relatively minor but must be sufficient to provide information for the specific recruitment of effectors. In addition, the precise localization of the Arfs has been suggested to allow for specific effector recruitment [START_REF] Peters | Overexpression of wild-type and mutant ARF1 and ARF6: distinct perturbations of nonoverlapping membrane compartments[END_REF]. The exposure of the N-terminal helix is thought to be closely linked to the GDP/GTP cycle of Arfs. Here binding of GTP causes a shift in the intermolecular switch region which suggestively displaces the helix that is normally buried in a hydrophobic pocket in the GDP-bound state.

Arf1 and Arf6 are each vital for particular membrane trafficking events, although it seems that they act via slightly different mechanisms. Arf1 is absolutely required for the recruitment of COPI, AP-1 and GGA coat proteins to the Golgi. Furthermore, Arf1 has been suggested to recruit AP-3 and AP-4 [START_REF] Robinson | Adaptable adaptors for coated vesicles[END_REF]. However, the precise mechanism of action of Arf1 at the budding vesicle remains elusive. It has been shown that, in addition to recruiting coat proteins, Arf1 couples the generation of vesicles to the incorporation of cargo molecules [START_REF] Bremser | Coupling of coat assembly and vesicle budding to packaging of putative cargo receptors[END_REF][START_REF] Lanoix | GTP hydrolysis by arf-1 mediates sorting and concentration of Golgi resident enzymes into functional COP I vesicles[END_REF]. It has previously been demonstrated that when cargo is present, the association between Arf1 and AP-1 is stabilized and ArfGAP1 activity is inhibited [START_REF] Meyer | Oligomerization and dissociation of AP-1 adaptors are regulated by cargo signals and by ArfGAP1-induced GTP hydrolysis[END_REF].

Arf6 localizes to the plasma membrane and endosomal system where it is known to regulate both clathrin-dependent and -independent endocytic pathways as well as endomembrane recycling mechanisms. This is not thought to be facilitated via direct recruitment of coat proteins but rather through the generation of distinct membrane domains [START_REF] Donaldson | Arfs, phosphoinositides and membrane traffic[END_REF]. Arf6 activates phospholipase D (PLD) and phosphatidylinositol-4-phosphate 5-kinase (PIP5K). Arf6 and PIP5K act synergistically to generate membrane domains enriched in phosphatidylinositol (4,5) bisphosphate (PI(4,5)P 2 ), thereby helping to recruit the protein budding machineries that rely on this phospholipid. Generation of membrane curvature is a prerequisite for the budding of vesicles from a flat membrane. Recent evidence suggests that Arf effectors and Arfs themselves might be directly involved in membrane remodeling. The recruitment of the COPII budding machinery to the endoplasmic reticulum (ER) is dependent upon Sar1, a small G-protein that is closely related to the Arfs. Sar1 was recently shown to induce membrane curvature [START_REF] Lee | Sar1p N-terminal helix initiates membrane curvature and completes the fission of a COPII vesicle[END_REF]. In addition, overexpression of regulatory GAPs (centaurins) or GEFs (EFA6) for Arfs have been found to result in the tubulation of cellular membranes [START_REF] Peter | BAR domains as sensors of membrane curvature: the amphiphysin BAR structure[END_REF][START_REF] Brown | Phosphatidylinositol 4,5-bisphosphate and Arf6-regulated membrane traffic[END_REF]. This, coupled with our previous observations of amphipathic helix-mediated membrane curvature generation [15], led us to study the role of Arfs as membrane curvature regulators. Here we have used purified proteins to study the role of Arfs in generating membrane curvature and how this ability is influenced by, and influences, GTP loading.

EXPERIMENTAL cDNA construct preparation

cDNA constructs encoding human Arf1 and Arf6 were obtained from the Guthrie cDNA resource center. Full-length Arf1 (residues 1-181), Arf1 delta N-terminus (residues 18-181) and full-length Arf6 (residues 1-175) were subsequently cloned into the pBac4x1 vector for baculovirus expression or the pET15b vector for bacterial expression. The Arf6 K3E mutation was generated by site-directed mutagenesis. The plasmid encoding N-myristoyltransferase was kindly provided by Sean Munro.

Protein expression and protein purification

His-tagged myristoylated Arf1, Arf6 and Arf6 (K3E) were purified from baculovirus-infected Sf9 cells using nickel-agarose beads and gel filtration. Arf1 was expressed in Escherichia coli BL21 strain with or without a plasmid encoding N-myristoyltransferase (a kind gift from Sean Munro) and purified according to reference [START_REF] Franco | Myristoylation of ADPribosylation factor 1 facilitates nucleotide exchange at physiological Mg2+ levels[END_REF].

Liposome binding and tubulation

Generation of liposomes from total brain lipids (FOLCH fraction I) (Sigma Aldrich) or synthetic lipids (Avanti Polar Lipids), and specification of liposome diameter (made by sequential filtration) were performed as previously described [START_REF] Peter | BAR domains as sensors of membrane curvature: the amphiphysin BAR structure[END_REF]. The sequential filtration results in slightly lower concentrations of smaller diameter versus larger diameter liposomes being present in assays. Liposome binding assays were performed as previously described [START_REF] Peter | BAR domains as sensors of membrane curvature: the amphiphysin BAR structure[END_REF]. Briefly, proteins were incubated together with 1mg/ml liposomes followed by centrifugation and analysis of the pellet and supernatant by SDS-PAGE and Coomassie staining. In vitro liposome tubulation assays were performed and analyzed as previously described [START_REF] Peter | BAR domains as sensors of membrane curvature: the amphiphysin BAR structure[END_REF].

Real-time fluorescent GTP-loading assay

GTP-loading of Arfs was measured as described in reference [START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF]. Briefly, purified GDP-loaded Arfs (0.5µM) were incubated at 37ºC in the presence or absence of liposomes (final concentration of 0.1mg/ml Folch lipids) and HKM buffer (50mM HEPES pH7.2, 120mM KAc, 1mM MgCl 2 ) and loading was induced by sequential addition of 1mM GTP and 2mM EDTA. Tryptophan fluorescence was measured at 340nm following excitation at 297.5nm in a FluoroMax-2 fluorimeter (Horiba Jobin Yvon Ltd.). Data was normalized by setting the fluorescence value before induction of GTP-loading to zero and the value obtained after 1000s for the 50nm liposomes and Arf1/Arf6, respectively as the maximum value in each experimental set. All data were processed identically and are presented as % of the maximum value to demonstrate differences in GTP loading. 

RESULTS

In the Arf-GDP crystal structure, amino acids 2-10 form a helical structure buried in a hydrophobic pocket in the core of the protein (PDB: 1HUR). However, upon the structural rearrangements induced by GTP binding, this helix is thought to be displaced from its groove. It was previously shown that myristoylation of the N-terminal helix is absolutely required for membrane binding in the GDP-bound state and that point mutations in this helix decreased binding to membranes [START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF][START_REF] Randazzo | The myristoylated amino terminus of ADP-ribosylation factor 1 is a phospholipid-and GTP-sensitive switch[END_REF]. Helical wheel presentations of the N-terminal amino acids of Arf1 and Arf6 shows that, when the myristoylation of the first glycine is taken into account, the helices have an amphipathic nature (Figure 1A). Sequence comparison of the N-termini of Arfs and Arls shows that the amphipathic properties of the first 13 amino acids are conserved in many family members (Figure 1B). We analyzed the binding of purified Arf1 to artificially generated liposomes in the presence of GTP or GDP. When Arf1 was purified from insect cells or bacteria co-expressing N-myristoyltransferase, which enables myristoylation, robust membrane binding was observed. This was true for both GTP-and GDP-loaded Arf1 although more efficient binding was observed when GTP was included in the assay. However, if Arf1 was purified without myristoylation or without the N-terminus, no significant binding could be detected (Figure 1C). These results are in agreement with previous studies and demonstrate that our proteins are functional, behaving as expected [START_REF] Franco | Myristoylation of ADPribosylation factor 1 facilitates nucleotide exchange at physiological Mg2+ levels[END_REF][START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF]. Similar results were obtained for Arf6, but Arf6 bound even more strongly to membranes in the absence of GTP, likely due to binding sites on the protein core [ [START_REF] Paleotti | The small G-protein Arf6GTP recruits the AP-2 adaptor complex to membranes[END_REF][START_REF] Amor | Structures of yeast ARF2 and ARL1: distinct roles for the N terminus in the structure and function of ARF family GTPases[END_REF] and data not shown].

The association of Arfs with membranes even in the GDP-bound state suggested that membrane binding of the myristoylated protein does not necessarily involve the exposure of the amphipathic helix. Thus, the helix itself might not be absolutely required for binding, but instead may have a more elaborate role. We reasoned that following GTP-dependent release of the amphipathic helix, it might insert into the lipid bilayer and subsequently impose positive membrane curvature by acting as a wedge [START_REF] Campelo | The hydrophobic insertion mechanism of membrane curvature generation by proteins[END_REF]. To study this, liposomes were incubated together with myristoylated Arf1 or Arf6 and GTP or GDP and analyzed using electron microscopy (Figure 1D). We found that the normal spherical morphology of the liposomes always persisted after incubation with either GDP-loaded Arf1 or Arf6. However after incubation with either GTP-loaded Arf1 or Arf6 we consistently observed a drastic change in the shape of many of the liposomes. Frequently, straight tubular structures with an apparent diameter of 45±5nm were observed (Figure 1D; arrowheads). In addition smaller 13-17nm diameter tubular structures were detected (Figure 1D; asterisks). We have observed similar structures on rare occasions with the N-BAR domain of amphiphysin (data not shown). The nature of such small structures is uncertain but might result from single layers of lipids being forced into tubular micelles. These results suggest that Arfs generate high membrane curvature in a GTP-dependent manner through the insertion of a helix in the lipid bilayer.

In theory, the insertion of a helix into the membrane would be favored by positive membrane curvature since the lipid headgroups apposing the helix would be more separate from one another. This would be reflected by increased membrane binding as liposome diameter decreases. To test this, we generated liposomes with low curvature (800nm in diameter) and high curvature (50nm in diameter) and assayed binding of Arf1-GDP and Arf6-GTP to these liposomes (see Figure 2A andB; insets [and see discussion]). The results show that both Arf1 and Arf6 show a small increase in binding in the presence of higher curvature liposomes (Figure 2A and B; insets). Curvature sensitivity in this assay may reflect an increased amount of GTP loading, since amphipathic helix insertion occurs in response to GTP binding (Figure 1D), which would reduce protein off-rates from membranes. We therefore studied GTP loading in the presence of liposomes of different diameters. The structural rearrangements in Arfs upon GTP binding can be detected by an increase in tryptophan fluorescence [22]. This can be used to analyze GTP-loading in real time [START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF]. No increase in tryptophan fluorescence was observed upon the binding of GDP-loaded Arf1/Arf6 to membranes (data not shown). This strongly suggests that the amphipathic helix does not change conformation upon lipid binding per se, consistent with the observation that this helix is buried in the core of the GDP-bound Arf [15]. By incubating Arf1 with liposomes of different diameters in the presence of GTP, we were able to observe that Arf1 was loaded faster with GTP, and to a greater extent, in the context of higher liposome curvature (Figure 2A). As was previously observed, GTP-loading was very slow in the absence of membranes [START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF][START_REF] Weiss | Nucleotide binding and cofactor activities of purified bovine brain and bacterially expressed ADP-ribosylation factor[END_REF]. Similar results were obtained for the loading of Arf6 (Figure 2B). Thus, curvature sensitive GTP-loading may be a general property of Arf family proteins. Liposomes of different diameter did not on their own yield any significant change in fluorescence (Figure 2C and data not shown). The increase in the extent of GTP loading in the context of higher membrane curvature likely reflects a change in the steady state distribution of Arfs, with more being found bound to more highly curved membranes.

Our results suggest that the N-terminus of Arfs is responsible for both curvature sensing and generation. We therefore created a point mutant in the helix to disrupt a positively charged residue that would be expected to align with the negatively charged lipid headgroups once the helix is inserted in the membrane (Arf6 K3E). We used Arf6 as a model since this protein showed greater curvature sensitivity than Arf1. We chose to mutate this particular residue since, according to the structure, this mutation should not affect myristoylation or localization of the helix in the GDP-bound state (having no interaction with other residues in the crystal structure), while being sufficiently N-terminal to be readily accessible for membrane insertion. When the Arf6 K3E mutant was assayed for its ability to load GTP, we found that this protein loads GTP at the same rate as wild type Arf6 in the absence of liposomes (Figure 2C). However, when liposomes of differing diameters were added to the reaction we found that Arf6 K3E showed a slight increase in the GTP-loading rate, but this increase was independent of liposome diameter. This strongly suggests that the introduced mutation renders the helix unable to properly insert in the membrane and therefore Arf6 K3E cannot respond to membrane curvature. We next examined if the K3E mutation affected membrane curvature generation. Liposomes that had been incubated together with wild type Arf6 or Arf6 K3E were analyzed by electron microscopy. Indeed we found that, in contrast to wild type Arf6, Arf6 K3E was unable to tubulate liposomes (Figure 2D). To resolve if GTP loading might result in a tubular localization of Arf6 in vivo, we expressed constitutively GTP-associated Arf6 (Arf6 Q67L-myc). This protein was indeed found on tubular structures in cells, which is consistent with curvature sensitive membrane binding of this protein.

Taken together, our data are consistent with a model in which Arf family proteins function as membrane curvature sensors and further facilitate membrane budding through direct GTPdependent membrane remodeling (Figure 2E). In the GDP-bound state, myristoyl-enabled membrane binding of Arfs is insufficient due to a relatively high off rate. This can be overcome by the local high positive membrane curvature seen for example at a budding vesicle. In addition, GEFs function to induce local GTP-loading of Arfs that subsequently generate curvature via insertion of the helix, thereby creating a positive feedback loop. Once the helix is inserted a diffusion barrier is likely created since Arfs are probably unable move into the negative curvature surrounding the positive curvature of the budding membrane (tubule or vesicle). A high local concentration of Arf-GTP with lowered off rate is obtained that can recruit effector molecules to this precise location where budding is in progress. Subsequently, coat proteins are recruited that help to stabilize the budding vesicle.

DISCUSSION

Cellular processes such as morphogenesis and signaling are complex, and regulatory proteins are required to orchestrate and drive the membrane remodeling, cargo sorting and cytoskeletal rearrangements that must occur during such events. Small G-proteins of the Arf and Arl families function as such regulatory units, due to their abilities to define processes in a spatial and temporal manner and transmit this information to effector molecules.

In this study we show that Arf family proteins generate and sense membrane curvature through an amphipathic helix that can be inserted into the lipid bilayer in a GTP-driven manner. Given that amphipathic helix insertion leads to the induction of local positive membrane curvature, this can result in curvature sensitivity in the rate of Arf insertion. Further, once a helix has inserted this will help to drive the curvature preferred by the next Arf molecules. Through this mechanism, GTP-loaded Arfs are organized in high concentrations at local sites of positive membrane curvature. In this context, membrane curvature functions as a base for protein recruitment. This ability makes Arfs unique among small G-proteins and might explain why they are used in membrane budding. Previous studies on Arf1 and Sar1p has shown that mutations in the helix that renders it less hydrophobic results in an increased off rate from the membrane [START_REF] Lee | Sar1p N-terminal helix initiates membrane curvature and completes the fission of a COPII vesicle[END_REF][START_REF] Antonny | N-terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange[END_REF]. This is consistent with our results and shows that mutations in the helix affect both membrane binding and curvature sensitivity. Also, the binding of Arf-GTP to a membrane feeds back to generate or stabilize even higher curvature which will drive the progression of membrane budding directly, and indirectly through increased recruitment of curvature effector proteins. Since insertion of the helix is dependent upon the GDP/GTP status of Arf, the procedure can be arrested or promoted by GAPs and GEFs, respectively. Interestingly several Arf-specific GAPs and GEFs are predicted to contain BAR domains that are known to sense, stabilize and generate membrane curvature [START_REF] Peter | BAR domains as sensors of membrane curvature: the amphiphysin BAR structure[END_REF]. This is in agreement with our model for the function and regulation of Arfs. Our data could also suggest that the need for GEFs in membrane budding might be to initially recruit Arfs and that once the curvature is generated Arfs can drive the process via their curvature sensitivity. It has been proposed that ArfGAP1, which is curvature sensitive due to helix insertion, promotes hydrolysis of Arf-GTP at the positive curvature on the vesicle but that Arf-GTP at the vesicular neck with negative curvature is unaffected [START_REF] Antonny | Membrane curvature and the control of GTP hydrolysis in Arf1 during COPI vesicle formation[END_REF]. However, from our results it is difficult to envisage how Arf-GTP can be located at sites of negative curvature while ArfGAP cannot, since they both localize better to increasing positive membrane curvature.

Arf6 has been ascribed several roles which include the regulation of membrane trafficking, actin rearrangements and membrane-cytoskeleton interactions [START_REF] Souza-Schorey | ARF proteins: roles in membrane traffic and beyond[END_REF][START_REF] Doherty | Mediation, modulation, and consequences of membrane-cytoskeleton interactions[END_REF]. We found that the amphipathic helix of Arf6 is shorter than the helix in other Arf family members. In addition, Arf6 is thought to be continuously associated with membranes, perhaps since core residues in Arf6 bind more efficiently to membranes than those of others such as Arf1. This suggests that the role of Arf6 may have evolved to function more as a sensor than as a generator of membrane curvature. Arf6 has been shown to function in clathrin-independent endocytic and recycling pathways for MHC class I proteins and CD59 [26,27]. Morphologically, these pathways are characterized by tubular rather than vesicular structures. Our data suggest that Arf6 is adapted to localize and function at such membrane tubules. It is possible that the shorter helix in Arf6 is more suitable in this system. The role of Arf6 has been suggested to be largely dependent upon effects on phosphatidylinositol (4,5) bisphosphate levels [START_REF] Brown | Phosphatidylinositol 4,5-bisphosphate and Arf6-regulated membrane traffic[END_REF]. Our in vitro data however show that Arf6 also has a direct effect on lipid packing resulting in, and depending upon, membrane shape modulation.

In conclusion, we propose that proteins in the Arf and Arl families of small G-proteins serve as GTP-dependent sensors and drivers of membrane shape. This ability will help to define local areas of activity that are fine-tuned by the characteristics of effector molecules. Likely, the unresolved functions of the less studied Arfs will also require the ability to sense membrane curvature. Whether this includes direct roles in vesicular budding, or indirect regulation of membrane remodeling, remains to be seen. 
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Figure 1 |

 1 Figure 1 | Arfs induce membrane curvature in a GTP-dependent manner. (A), Helical wheel representation of amino acids 2-13 in Arf1 (top wheel) and 2-11 in Arf6 (bottom wheel). Hydrophobic and charged amino acids are highlighted by dark grey circles or light grey circles, respectively. Myristoylation of the second residue (glycine) is depicted by (myristoyl). (B), Sequence alignment of the N-terminal amino acids of Arf/Arl family members. Hydrophobic amino acids are highlighted in dark grey. (C), Liposome co-sedimentation assays. Liposomes generated from brain-derived lipids (FOLCH fraction I) were incubated with the indicated proteins and GTP or GDP before centrifugation and analysis of supernatants (S) and pellets (P) by SDS-PAGE and Coomassie staining. A control experiment where protein was incubated in the absence of liposomes is shown. The proteins used were: myristoylated Arf1 purified from Sf9 insect cells (Myr-Arf1 (Sf9)), Arf1 purified from bacteria (Arf1 (bacteria)), myristoylated Arf1 purified from bacteria co-expressing N-myristoyltransferase (myr-Arf1 (bacteria)) and Nterminally truncated Arf1 purified from bacteria ( N-term Arf1 (bacteria)). (D), Electron micrographs of negatively-stained 800nm liposomes incubated in the presence of equal concentrations of proteins (10µM), and nucleotides (100µM) as indicated. Arrowheads indicate tubules that are approximately 45nm in diameter and asterisks indicate tubules that are 13-17nm wide. Scale bars represent 100nm.

Figure 2 | 1 Biochemical

 21 Figure 2 | Arf family proteins are activated by high positive membrane curvature. (A-C), Indicated proteins were incubated together with or without liposomes (-lip) of the indicated diameters and GTP. GTP-loading was analyzed in real time by measuring tryptophan fluorescence (see Experimental section). Fluorescence is presented as % of the value at 1000s for 50nm liposomes and Arf1 and Arf6, respectively. Insets in (A) and (B) shows liposome binding assays of Arf1 (A) and Arf6 (B) in the absence or presence of liposomes of different diameters.
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