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SUMMARY

F-BAR domains control membrane interactions in endocytosis, cytokinesis, and cell signaling. 

Although generally thought to bind curved membranes containing negatively charged 

phospholipids, numerous functional studies argue that differences in lipid-binding selectivities of 

F-BAR domains are functionally important. Here, we compare membrane-binding properties of 

the S. cerevisiae F-BAR domains in vitro and in vivo. Whereas some F-BAR domains (such as 

Bzz1p and Hof1p F-BARs) bind equally well to all phospholipids, the F-BAR domain from the 

RhoGAP Rgd1p preferentially binds phosphoinositides. We determined X-ray crystal structures of 

F-BAR domains from Hof1p and Rgd1p, the latter bound to an inositol phosphate. The structures 

explain phospholipid-binding selectivity differences, and reveal an F-BAR phosphoinositide 

binding site that is fully conserved in a mammalian RhoGAP called Gmip, and is partly retained in 
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certain other F-BAR domains. Our findings reveal previously unappreciated determinants of F-

BAR domain lipid-binding specificity, and provide a basis for its prediction from sequence.

INTRODUCTION

Interaction of proteins with cellular membrane surfaces depends on an ever-growing group 

of phospholipid-binding domains, which recognize specific phospholipid headgroups or a 

more general property of the membrane such as charge or curvature (Hurley, 2006; 

Lemmon, 2008; Moravcevic et al., 2012). The BAR (Bin/Amphiphysin/Rvs-like) domain 

superfamily (Mim and Unger, 2012) exemplifies the second of these groups, comprising 

‘banana-shaped’ dimeric helical bundles that appear capable of sensing and/or creating 

membrane curvature (Qualmann et al., 2011). A structure of the amphiphysin BAR domain 

(Peter et al., 2004) provided the first clues for how this might be achieved, revealing a 

concave cationic surface on a crescent-shaped dimer that abuts (and deforms) anionic 

membranes.

F-BAR domains (Itoh and De Camilli, 2006) represent an important subset within the BAR 

superfamily. They were first noted in adaptor proteins of the PCH family (Saccharomyces 

pombe cdc15 homology) involved in endocytosis, cytokinesis, actin nucleation and 

signaling (Chitu and Stanley, 2007; Lippincott and Li, 2000). The conserved region (a 

portion of the F-BAR domain) was initially termed an FCH domain (for Fes kinase-CIP4 

Homology), and is always followed by a coiled-coil region. The coiled-coil was 

subsequently included in the definition of the extended FCH (or EFC) domain when 

structural homology to the BAR domain was predicted (Itoh and De Camilli, 2006; Tsujita 

et al., 2006) and then confirmed crystallographically (Henne et al., 2007; Shimada et al., 

2007). F-BAR domains form crescent-shaped helical dimers that are more elongated than 

classical BAR domains, and have more shallow curvature. Their membrane association is 

thought to be driven by nonspecific electrostatic interaction between positively charged 

residues on the concave face of the crescent and negatively charged membrane surfaces 

(Itoh and De Camilli, 2006). F-BAR domains also polymerize into helical coats that tubulate 

membranes (Frost et al., 2008). Differences in their own shapes and modes of 

polymerization are likely to underlie some of the distinct properties that are now being 

uncovered for F-BAR domains and F-BAR proteins (Arasada and Pollard, 2011; Coutinho-

Budd et al., 2012; Itoh and De Camilli, 2006; Qualmann et al., 2011; Roberts-Galbraith and 

Gould, 2010). Beyond this ability to recognize and influence mesoscale properties of 

membranes, however, it now seems clear that phospholipid-binding selectivity itself also 

plays an important role in defining F-BAR domain function (Wang et al., 2009; Zhao et al., 

2013). We identified one F-BAR domain – from S. cerevisiae Rgd1p – in a screen of yeast 

proteins that specifically recognize phosphoinositides (Moravcevic et al., 2010). Rgd1p is a 

GTPase-activating protein (GAP) specific for the Rho3 and Rho4 small GTPases, which 

control actin cytoskeleton organization and stress signaling pathways (Doignon et al., 1999; 

Lefèbvre et al., 2012; Roumanie et al., 2000).

Combining cellular and in vitro approaches, we compare the phospholipid-binding 

properties of S. cerevisiae F-BAR domains. We also describe crystal structures of the F-
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BAR domains from Rgd1p (the only yeast example that selectively binds phosphoinositides) 

and Hof1p (which binds all phospholipids). Our structures explain the phospholipid 

specificity differences, and – importantly – reveal an inositol phosphate binding site in the 

first structure of an F-BAR domain bound to a lipid headgroup. Analyzing which elements 

of this binding site are conserved in mammalian F-BAR domains provides valuable insight 

into phospholipid-binding selectivities, and allowed us to identify an F-BAR domain in 

Gmip, a poorly studied human RhoA-specific GAP that faithfully preserves the Rgd1p 

phosphoinositide-binding site. Elucidating the binding mode and ligand specificities of these 

domains is important because F-BAR-containing proteins play key roles as adaptors at the 

membrane-cytosol interface in numerous fundamental cellular processes, and have also been 

implicated in cancer, neurological and metabolic disorders (Roberts-Galbraith and Gould, 

2010).

RESULTS

Identification of the F-BAR domain from S. cerevisiae Rgd1p as a phosphoinositide-
binding domain

The S. cerevisiae Rho GTPase-activating protein (GAP) Rgd1p (Doignon et al., 1999) was 

first identified as a potential phosphoinositide-binding protein in a screen of yeast open 

reading frames that identified 128 yeast proteins with this property (Moravcevic et al., 2010; 

Zhu et al., 2001). Independent functional studies have also revealed that the subcellular 

localization and GAP activity of Rgd1p are regulated by phosphoinositides (Prouzet-

Mauleon et al., 2008). Using a Ras-rescue assay (Isakoff et al., 1998), we found that fusing 

full-length Rgd1p to a non-farnesylated, constitutively active (Q61L), Ras variant promotes 

its recruitment to the membrane to overcome the Ras-activation defect in a cdc25ts cell at 

the restrictive temperature (Figure 1A). Ras rescue requires the complete F-BAR domain, 

with neither the FCH domain alone nor the region C-terminal to the F-BAR domain being 

sufficient to drive Q61L Ras to the membrane (Figure 1A). In vitro binding studies (Figure 

1B) further showed that the recombinant Rgd1p F-BAR domain (amino acids 1-324) 

associates preferentially with vesicles containing phosphatidylinositol-(4,5)-bisphosphate 

(PtdIns(4,5)P2) over those containing phosphatidylcholine (PtdCho) alone or 20% (mole/

mole) phosphatidylserine (PtdSer) in a PtdCho background. We estimate a molar partition 

coefficient (K) (Kavran et al., 1998; Peitzsch and McLaughlin, 1993) of 1,880 M−1 for this 

interaction, which would correspond to a dissociation constant (KD) of approximately 53 

μM if we assumed that each F-BAR domain protein binds one PtdIns(4,5)P2 molecule.

Phosphoinositides direct subcellular localization of Rgd1p F-BAR

The Rgd1p F-BAR domain displays a punctate distribution when expressed as a GFP fusion 

protein in yeast (Figure 2A), and clearly tubulates membranes in HeLa cells (Figure 2B), 

reminiscent of the structures described previously for several mammalian F-BAR domains 

(Itoh et al., 2005; Tsujita et al., 2006). Importantly, the punctate/tubular distribution of 

Rgd1p F-BAR was abolished in yeast strains with reduced levels of PtdIns(4,5)P2 (Figure 

2A) caused by temperature sensitive mutations in the major PtdIns4P 5-kinase (mss4ts) or in 

both the Stt4p and Pik1p PtdIns 4-kinases (stt4ts/pik1ts). PtdIns(4,5)P2 levels are reduced 

even at the permissive temperature (26°C) by ~40% in mss4ts cells, and by over 80% at the 
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restrictive temperature (37°C) (Stefan et al., 2002). In stt4ts/pik1ts cells, PtdIns4P and 

PtdIns(4,5)P2 levels are approximately 40% and 62% of wild-type levels respectively at 

26°C, and fall to less than 10% of wild-type levels at the restrictive temperature (Audhya et 

al., 2000). The phosphoinositide-dependence of Rgd1p F-BAR localization is also consistent 

with previous studies in which a genomic copy of GFP-fused full-length Rgd1p showed 

clear mislocalization in phosphoinositide-deficient strains (Prouzet-Mauleon et al., 2008).

Distinct lipid selectivities for other S. cerevisiae F-BAR domains

We also assessed the membrane-association abilities of other S. cerevisiae F-BAR domains. 

Bzz1p is a SH3 domain-containing regulator of actin polymerization (Soulard et al., 2002), 

and Hof1p is a Src homology 3 (SH3) domain-containing adaptor protein involved in 

cytokinesis and septum formation (Nishihama et al., 2009; Vallen et al., 2000). The fourth 

bona fide yeast F-BAR domain is found in the RhoGAP Rgd2p (Roumanie et al., 2001), but 

we were unable to produce protein of sufficient quality to include this domain in our studies. 

Like Rgd1p F-BAR, both the Bzz1p and Hof1p F-BAR domains were able to recruit Q61L 

Ras to the membrane in Ras rescue assays (Figure 1A), and both bound to the PtdIns(4,5)P2-

containing vesicles with similar affinities, with K values of 1,140 M−1 and 2,400 M−1 for the 

Bzz1p and Hof1p F-BAR domains respectively (Figure 1B). Importantly, however, neither 

the Hof1p nor the Bzz1p F-BAR domains showed the same preference for PtdIns(4,5)P2-

containing vesicles that we saw for Rgd1p, consistent with another recent report (Zhao et al., 

2013). In fact, the Hof1p and Bzz1p F-BAR domains both bound just as well to vesicles 

containing 20% (mole/mole) PtdSer or indeed to vesicles containing only PtdCho. The 

selectivity difference between these two F-BAR domains and Rgd1p F-BAR was further 

evident in subcellular localization studies (Figure 2B); the Bzz1p and Hof1p F-BAR 

domains were diffusely localized in HeLa and yeast cells when over-expressed as GFP 

fusion proteins, with no sign of the tubular/punctate distribution seen with Rgd1p.

The membrane tubulation by the Rgd1p F-BAR domain in HeLa cells resembles that seen 

for most mammalian F-BAR domains, including those from FBP17, CIP4, FCHo1/2, pacsin 

1, nostrin, and PSTPIP1/2 (Henne et al., 2010; Icking et al., 2006; Itoh and De Camilli, 

2006; Itoh et al., 2005; Tsujita et al., 2006), which all bind relatively non-specifically to 

anionic phospholipids. The FBP17, CIP4, and pacsin 1 F-BAR domains preferentially bind 

PtdSer-containing membranes, and phosphoinositides typically further enhance membrane 

binding (Henne et al., 2010; Itoh et al., 2005; Tsujita et al., 2006). By contrast, the cellular 

localization properties of the Bzz1p and Hof1p F-BAR domains more closely resemble the 

mammalian Fer/Fes F-BAR domain, which shows less clear membrane tubulation in cells, 

and binds even more promiscuously to phospholipids (McPherson et al., 2009; Tsujita et al., 

2006).

Structural comparison of Rgd1p and Hof1p F-BAR domains

To understand the origin of differences in membrane-binding properties of F-BAR domains, 

which may be crucial for the distinct functions of closely-related proteins that contain them 

(Arasada and Pollard, 2011; Qualmann et al., 2011; Tanaka-Takiguchi et al., 2013), we 

determined the X-ray crystal structures of the F-BAR domain from Hof1p (residues 1-300) 

using multi-wavelength anomalous diffraction (MAD) methods, and the Rgd1p F-BAR 
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domain (residues 24-333) using molecular replacement. Importantly, the Rgd1p F-BAR 

domain structure was determined in complex with bound myo-inositol-1,2,3,4,5,6-

hexakisphosphate (InsP6) as a mimic of a phosphoinositide headgroup – representing to the 

best of our knowledge the first example of an F-BAR domain structure bound to a lipid 

headgroup mimetic (see Table 1 for data collection and refinement statistics). Representative 

electron density, including that around the ligand-binding site of Rgd1p F-BAR, is shown in 

Figure S1.

Both domains display the typical F-BAR fold (Figure 3), forming an elongated crescent-

shaped dimer. Dissociation constants (KD) for dimerization were measured by sedimentation 

equilibrium analytical ultracentrifugation to be approximately 3 μM for both F-BAR 

domains (Figure S2), similar to the value of 2.5 μM reported for the FCHo2 F-BAR domain 

(Henne et al., 2007). As with other F-BAR domains (Henne et al., 2007; Shimada et al., 

2007), the structure is dominated by a core of three long α helices (α2, α3, and α4), with 

additional shorter helices at the amino (α1) and carboxy (α5) termini. Most of helix α2 from 

each molecule, and approximately half of each helix α3 and α4 come together to form a 

closely packed six-helix bundle at the dimer interface. In addition, the amino-terminal α1 

helix associates with carboxy-terminal α5 helix of its dimerization partner (only one turn of 

helix α1 was ordered for Hof1p, presumably because of the boundaries used). An 

unstructured carboxy-terminal region follows helix α5 in each monomer and also packs 

against its dimerization partner. The Dali server (Holm and Rosenström, 2010) identified the 

CIP4 F-BAR domain (PDB entry 2EFK (Shimada et al., 2007)) as the most similar to that 

from Rgd1p (with FBP17 as the second ranked), and the FBP17 F-BAR domain (PDB entry 

2EFL (Shimada et al., 2007)) as most similar to that from Hof1p (with CIP4 as second 

ranked). The monomers of the Rgd1p and Hof1p F-BAR domains also overlay very well 

with one another, with a Cα position rmsd of just 2.8 Å – despite sequence identity between 

the two domains of just 17%. Similarly, Rgd1p F-BAR overlays well with the FBP17 or 

CIP4 F-BAR domains, with Cα position rmsd values of 2.8 Å and 3.0 Å respectively 

(corresponding values for Hof1p are 3.1 Å and 2.7 Å). The FCHo2 F-BAR domain is more 

distinct, with Cα overlay rmsd values of 4.0 Å and 4.4 Å for Rgd1p and Hof1p respectively. 

There appear to be at least two ‘classes’ of F-BAR domain dimer. Those from Rgd1p, 

Hof1p, CIP4, and FBP17 (Shimada et al., 2007) all resemble straight round brackets 

(Figures 3A,B), whereas those from FCHo2 and Pacsin F-BAR domain dimers have a 

pronounced ‘tilde’ or ‘S’ shape (Henne et al., 2007; Wang et al., 2009) (Figure 3C) that 

arises because the wings extending beyond the dimer interface core are twisted. Although F-

BAR domains differ in their types of curvature, the fact that those from Rgd1p and Hof1p 

are very similar in this regard argues that this distinction cannot explain their quite different 

membrane-binding properties.

A phosphoinositide headgroup-binding site in Rgd1p F-BAR

Our ability to visualize InsP6 bound to the Rgd1p F-BAR domain provided one clear 

explanation for the difference in properties of the Rgd1p and Hof1p F-BAR domains, and 

yielded the first view of an F-BAR domain bound to a lipid headgroup mimetic (Figure 4A). 

Several mutational studies have implicated basic residues on the inner part of the concave F-

BAR domain in binding to negatively-charged membrane surfaces (Henne et al., 2007; 
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Reider et al., 2009; Shimada et al., 2007; Shimada et al., 2010). Likewise, the Rgd1p and 

Hof1p F-BAR domains both display clusters of positively-charged lysines and arginines on 

their concave faces (Figures 4A,B and S3). However, these clusters are not conserved in 

location – consistent with the considerable sequence divergence between the two domains.

The most distinctive basic patch on the concave surface of the Rgd1p F-BAR domain 

contained clear electron density for InsP6 in crystals that had been soaked with this 

headgroup mimetic, with two InsP6 molecules bound per dimer. The electron density 

suggests that InsP6 does not have a highly preferred binding orientation (Figure 4C), and 

efforts to fit multiple orientations indicated that many are possible – as also reported for 

InsP6 binding to AP180 (Ford et al., 2001). InsP6 was therefore fit into the density as a rigid 

body (see Experimental Procedures) to yield an ‘average’ orientation for visual 

representation. The binding site is formed by a surface-lying “patch” of lysine and arginine 

side-chains (Figure 4A), reminiscent of similar inositol phosphate binding sites in the AP180 

N-terminal homology (ANTH) domain, the amino-terminal part of the AP2 α-subunit, 

arrestin, and the pleckstrin homology (PH) domain from β-spectrin (Moravcevic et al., 

2012). Side-chains in Rgd1p that contact InsP6 most closely (within ~3 Å of one of the 

InsP6 phosphates) are those from R141 and K145 in helix α3, plus K53 in helix α2 (Figure 

4A,C). K142, K149 and K153 (all in helix α3) also contribute to a larger positively-charged 

region that accommodates the InsP6 molecule. This basic patch is starkly absent from the 

Hof1p F-BAR domain (Figure 4B), replaced by a neutral or even negatively charged region 

in which all of the basic residues involved in the Rgd1p/InsP6 interaction have neutral or 

anionic counterparts in Hof1p: S25; Y116; T117; S120; E124 and M128. The major basic 

patch on the concave surface of the Hof1p F-BAR domain is approximately half-way along 

the dimer (Figures 4B and S3), almost 30 Å away from the location of the Rgd1p InsP6 

binding site.

Consistent with the surface location of its InsP6 binding site and heterogeneity of InsP6 

orientation, Rgd1p shows little stereospecificity in binding to phosphoinositides (Figure 

S4A), binding with essentially the same affinity in surface plasmon resonance (SPR) studies 

to vesicles containing PtdIns(4,5)P2, PtdIns(3,4)P2, or PtdIns(3,5)P2 at (10% mole/mole). 

Moreover, the isolated headgroups of these three phosphoinositides were equally potent in 

their ability to compete the Rgd1p F-BAR domain off membranes containing 10% (mole/

mole) PtdIns(4,5)P2 (Figure S4B). This specificity – or lack thereof – resembles that seen 

for phosphoinositide binding by ANTH domains (Ford et al., 2001), the AP2 α subunit 

(Collins et al., 2002; Gaidarov et al., 1996), arrestin (Gaidarov et al., 1999), the β-spectrin 

PH domain (Hyvönen et al., 1995), and several others (Moravcevic et al., 2012).

Mutating the crystallographically-observed phosphoinositide binding site alters 
subcellular localization of the Rgd1p F-BAR domain

To investigate the physiological relevance of the inositol phosphate binding site observed in 

the Rgd1p F-BAR domain, we mutated the key contributing lysines in various combinations 

to aspartates or glutamates, and assessed the consequences for both in vitro PtdIns(4,5)P2 

binding and subcellular localization (Figure 5). SPR experiments showed that mutating basic 

residues in the crystallographic InsP6-binding site diminishes Rgd1p binding to membranes 
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that contain 10% (mole/mole) PtdIns(4,5)P2. Mutating R141, in the center of the binding 

site, reduced binding of 30 μM Rgd1p F-BAR by >75%. Additional mutations reduced 

PtdIns(4,5)P2 binding further, as seen for R141D/K142E and R141D/K145E doubly-

mutated variants (Figure 5B). Glutamate substitutions at K149 and K153 – at the periphery 

of the binding site – also diminished PtdIns(4,5)P2 binding (Figure 5B). By contrast, 

mutating K64 and R67, which are more distant from the binding site (Figure 5A), had little 

effect. The subcellular distribution of overexpressed GFP-fused Rgd1p F-BAR domains in 

HeLa cells showed similar trends (Figure 5C). The K64Q/R67E variant was 

indistinguishable from wild-type with essentially no diffuse cytoplasmic fluorescence, and 

formation of tubule-like structures.

The R141D and K149E/K153E variants showed significant diffuse cytoplasmic 

fluorescence, but retained some reticular or punctate (but not tubular) localization. The 

R141D/K142E and R141D/K145E doubly-mutated variants, which had the lowest in vitro 

PtdIns(4,5)P2-binding affinities, showed only diffuse cytoplasmic fluorescence (Figure 5C). 

These findings argue that the crystallographically-observed inositol phosphate binding site 

in the Rgd1p F-BAR domain contributes significantly to its phosphoinositide-dependent 

membrane tubulation in cells.

Conservation of elements of the Rgd1p phosphoinositide-binding site in other F-BAR 
domains: Implications for functional selectivity

Elements of the Rgd1p InsP6-binding site are clearly conserved in some, but not all 

mammalian F-BAR domains (Figure 6A), but this site is unique to Rgd1p among the S. 

cerevisiae F-BAR domains. The CIP4 and FBP17 F-BAR domains (which have the same 

straight bracket shape) retain three of the basic residues in α3, and mutation of these 

residues in FBP17 impairs binding to negatively-charged membranes (Shimada et al., 2007; 

Tsujita et al., 2006). The lysine in α2 (K53 in Rgd1p) is not conserved in these two F-BAR 

domains (Figure 6A), and regions elsewhere in this helix have been implicated in membrane 

binding (Shimada et al., 2007; Tsujita et al., 2006), implying a much more delocalized 

binding site (consistent with less phosphoinositide specificity). The FCHo2 F-BAR domain 

(which has an ‘S’ or tilde-shape) retains the α2 lysine and part of the α3 site, but mutational 

studies again suggest a more delocalized binding site (Henne et al., 2007). Interestingly, the 

Pacsin-1 F-BAR domain (PACN1) retains little of this site, but basic residues in broadly the 

same region contribute to membrane binding that has been shown to also involve an array of 

other features (Shimada et al., 2010; Wang et al., 2009), including a ‘wedge’ in the middle 

of α3. Similarly, the membrane-binding properties of the Fer and srGAP2 F-BAR domains 

are quite different (Coutinho-Budd et al., 2012; Tsujita et al., 2006) – apparently resembling 

inverted BAR or IBAR domains (Guerrier et al., 2009) – and these lack the inositol 

phosphate binding site. Taken together, these considerations suggest that multiple headgroup 

binding sites (and possibly membrane insertion loops) along the length of the F-BAR 

domain contribute to membrane association and deformation. Superimposed upon this 

arrangement are more specific binding sites such as the inositol phosphate binding site seen 

in Rgd1p – which confers the unusual phosphoinositide dependence of this F-BAR domain.
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Intriguingly, one mammalian F-BAR domain appears to conserve almost all aspects of the 

Rgp1p inositol phosphate-binding site (Figure 6A) – that from Gem-interacting protein, or 

Gmip (Aresta et al., 2002). Gmip has not typically been included in lists of F-BAR proteins, 

but the structure of its amino-terminal domain was deposited in the PDB (entry 3QWE) by 

the Structural Genomics Consortium, and overlays very well (Cα rmsd of 3.1 Å) with 

Rgd1p F-BAR (Figure S5). More importantly, the Rgd1p InsP6-binding site is structurally 

very well conserved in the human Gmip F-BAR domain (Figure 6B). Given this unique 

resemblance among mammalian F-BAR domains to Rgd1p, it is intriguing that Gmip, like 

Rgd1p, is also a Rho-GAP, specific for RhoA (Aresta et al., 2002). This correspondence 

may signal an analogous functional dependence on phosphoinositides in the related 

functions of these yeast and mammalian Rho-GAPs that have been documented in the 

secretory pathway (Johnson et al., 2012; Lefèbvre et al., 2012). Gmip has also been reported 

to play important roles in cortical actin remodeling in early mitosis (Andrieu et al., 2014) 

and the speed of neuronal migration in the postnatal brain (Ota et al., 2014) – both processes 

in which phosphoinositides are likely to play an important regulatory role.

DISCUSSION

Despite the fact that F-BAR domains all appear to associate with negatively-charged 

membrane surfaces in a non-specific manner (Itoh and De Camilli, 2006), there are many 

studies suggesting that different F-BAR domains are functionally quite distinct (Arasada and 

Pollard, 2011; Qualmann et al., 2011; Roberts-Galbraith and Gould, 2010). The different 

shapes of the F-BAR dimers, exemplified in a comparison for Rgd1p and Pacsin1 (Figure 

3), will undoubtedly contribute to these differences. It is also possible that some F-BAR 

domains have protein binding partners – with binding of arfaptin’s BAR domain to small 

GTPases (Tarricone et al., 2001) providing a precedent for this in the related N-BAR family. 

Although none of the F-BAR domains may have the high degree of phospholipid-binding 

specificity described for certain PH and other domains (Lemmon, 2008; Moravcevic et al., 

2012), it also seems highly likely that the different lipid specificity profiles of individual F-

BAR domains will be important in defining their precise function (Tanaka-Takiguchi et al., 

2013; Zhao et al., 2013). Different lipid specificity profiles may alter the locations to which 

F-BAR proteins are recruited. Alternatively, membrane-associated F-BAR domains may 

laterally recruit (and possibly cluster) acidic phospholipids such as PtdIns(4,5)P2 and thus 

stabilize the formation of lipid microdomains or rafts with potentially important functional 

consequences. As recently suggested for the BAR domain superfamily in general (Tanaka-

Takiguchi et al., 2013; Zhao et al., 2013), the distinct lipid selectivities of F-BAR domains 

may profoundly alter the nature of the lipid microdomains that they stabilize.

Our studies with the S. cerevisiae Rgd1p, Hof1p, and Bzz1p F-BAR domains exemplify 

such differences. Rgd1p F-BAR showed clear selectivity for phosphoinositides, also 

manifested for the intact protein in cellular studies (Prouzet-Mauleon et al., 2008) – whereas 

Hof1p and Bzz1p did not. We were not able to crystallize the Bzz1p F-BAR domain, so our 

subsequent analysis focused on Rgd1p and Hof1p. The two F-BAR domains appear 

structurally quite similar, despite low (17%) sequence identity. The sensitivity of Rgd1p F-

BAR behavior to phosphoinositides is satisfyingly explained by the inositol phosphate 

binding site revealed in our structure – the first crystallographic view of ligand binding to an 
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F-BAR domain. A similar site appears to be used in a subset of mammalian F-BAR domains 

(such as FBP17 and CIP4), but apparently with less selectivity for phosphoinositides (Henne 

et al., 2007; Shimada et al., 2007; Shimada et al., 2010; Tsujita et al., 2006). Still others 

appear to have limited interaction with phosphoinositides and show quite distinct membrane 

tubulation behavior in cells (Coutinho-Budd et al., 2012; Tsujita et al., 2006). It seems likely 

that these F-BAR domains interact with a different combination of membrane lipids than 

Rgd1p. Recent studies with the Hof1p F-BAR domain further suggest possible protein 

interactions. The Hof1p N-terminal F-BAR domain appears to direct interactions of the 

protein with septin complexes both in vivo and in vitro (Meitinger et al., 2011; Oh et al., 

2013), which are responsible for the temporally controlled recruitment of Hof1p to the bud 

neck. The Hof1p F-BAR domain also appears to bind to a chitin synthase that is required for 

primary septum formation (Oh et al., 2013). It seems reasonable to suggest that these 

interactions cooperate with lipid binding in directing Hof1p to the appropriate location at the 

appropriate time through a coincidence detection mechanism (Lemmon, 2008; Moravcevic 

et al., 2012). We suggest that the inositol phosphate binding site in the Rgd1p F-BAR 

domain takes the place of one or more of the (presumably specific) sites for protein binding 

on the Hof1p F-BAR domain.

Since their initial discovery, F-BAR domains and other members of this broader superfamily 

have been shown both to associate with membranes and to induce their curvature in key 

cellular processes. As structural and functional information on these domains has 

accumulated, it has become increasingly clear that F-BAR domains are quite complex 

integrators. They must be recruited to the correct membranes in the cell and must also exert 

the appropriate specific effects – be it stabilizing precise geometry, specific lipid (or protein) 

composition, or other influences. The binding site for phosphoinositide headgroups seen 

here for Rgd1p F-BAR is likely to be just one example of a relatively specific site in these 

domains. It is used in an altered guise in several other F-BAR domains involved in 

endocytic processes, but is unexpectedly conserved in a mammalian Rho-GAP named Gmip 

that may have functional parallels to yeast Rgd1p. Future analysis – and integration – of 

individual binding sites in these complex domains will be required to fully appreciate their 

range of functions and dysfunction in disease.

EXPERIMENTAL PROCEDURES

Ras rescue assays

Ras rescue assays were performed exactly as described (Yu et al., 2004). Briefly, DNA 

encoding the noted F-BAR proteins (or respective fragments) was subcloned into the 

modified p3S0BL2 vector (Isakoff et al., 1998) to generate a plasmid encoding a Ha-Ras 

Q61L fusion. This plasmid was transformed into cdc25ts yeast cells, and its ability to rescue 

the growth defect at 37°C was assessed as described (Isakoff et al., 1998).

Microscopy

For analysis of protein localization in yeast, DNA fragments encoding F-BAR domains were 

subcloned into a modified pGO-GFP vector (Cowles et al., 1997) to generate green 

fluorescent protein (GFP) fusions, and were transformed into wild-type (BY4741) yeast 
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cells as described (Audhya and Emr, 2002). To assess effects of altered phosphoinositide 

metabolism, mss4ts-AA107 and stt4ts/pik1ts-AA105 mutant yeast strains were employed 

(Audhya et al., 2000). To analyze subcellular localization in mammalian cells, F-BAR 

domains were subcloned into a modified pEGFP-C1 vector (Clontech) to generate the 

appropriate GFP fusion proteins. HeLa cells were then transiently transfected using 

Lipofectamine 2000 (Invitrogen). Images of GFP localization in cells were collected at 

100X and 40X magnification for yeast and mammalian cells respectively, using a Leica 

model DMIRBE microscope and images were processed using Volocity deconvolution 

software (Improvision).

Vesicle sedimentation binding studies and surface plasmon resonance (SPR)

For in vitro binding studies, the F-BAR domains from Rgd1p (residues 1-324), Bzz1p 

(residues 1-350) and Hof1p (residues 1-300) were expressed in E. coli BL21 (DE3) with an 

N-terminal hexahistidine tag. Rgd1p and Hof1p F-BAR domains were purified by Ni-NTA 

affinity chromatography, cation exchange, and gel filtration, and the Bzz1p F-BAR domain 

by Ni-NTA affinity chromatography and gel filtration only. Vesicle sedimentation binding 

assays were performed as described (Kavran et al., 1998). F-BAR proteins at 10 μM were 

mixed with small unilamellar vesicles (SUVs) of defined lipid composition containing 

80-100% brominated phosphatidylcholine to increase vesicle density (Tortorella and 

London, 1994). Vesicles were added at different [Total Lipid]Available concentrations, 

assuming that 50% of the lipid is accessible on the SUV outer leaflet. Mixtures were 

centrifuged for 1 h at 80,000 rpm in a Beckman Optima TLX benchtop ultracentrifuge at 

25°C, and the percentage of F-BAR protein sedimenting in the pellet was evaluated using 

the BCA assay (Pierce). Data were fit as described (Kavran et al., 1998).

Surface plasmon resonance (SPR) studies were performed as described (Yu et al., 2004). 

Vesicles containing dioleoylphosphatidylcholine (DOPC) alone or including the noted 

percent (mole/mole) of dioleoyl-PtdIns(4,5)P2 or PtdSer were immobilized on L1 

sensorchips (BIAcore). Purified test proteins were then flowed over these surfaces at noted 

concentrations (determined by absorbance at 280 nm). SPR signals were corrected for 

background (DOPC) binding, and data were analyzed using GraphPad Prism.

Protein preparation, crystallization and data collection

DNA encoding the F-BAR domains from Rgd1p (residues 24-333) and Hof1p (residues 

1-300), plus N-terminal hexahistidine tags, was subcloned into pET21a (Novagen) for 

expression in E. coli BL21 (DE3) cells in LB. For generating selenomethionine (SeMet)-

containing protein, the Hof1p F-BAR domain was produced from B834 (DE3) methionine 

auxotrophs in MOPS-based minimal medium (Neidhardt et al., 1974) supplemented with 

SeMet. Proteins were purified from cell lysates in three steps, using Ni-NTA resin (Qiagen), 

cation exchange chromatography, and a Superdex 200 size exclusion column (GE 

Healthcare). Crystals were grown at 21°C using the hanging drop vapor diffusion method by 

mixing equal parts of protein (at 300-500 μM) and reservoir solutions. Hof1p F-BAR 

crystals were obtained from 0.1 M Na citrate, pH 5.5, containing 0.1 M ammonium acetate, 

and 5-7% (w/v) PEG3350. Rgd1p F-BAR crystals were obtained from 0.1 M citrate, pH 5.5, 

containing 0.1-0.2 M (NH4)2SO4 plus 10-20% (w/v) PEG3350. Single Rgd1p F-BAR 
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crystals were obtained by micro-seeding into drops with 2-4% lower PEG3350 

concentrations and were soaked in reservoir solution with 5 mM InsP6 for 12 h. Crystals 

were cryo-protected by direct transfer into reservoir solution containing 20% (w/v) glycerol, 

and were flash frozen in liquid nitrogen. Data were collected at 100K at the Advanced 

Photon Source (Argonne, IL) beamlines 23ID-D and 23ID-B (for Hof1p), or the Cornell 

High Energy Synchrotron Source (CHESS) beamline F1 (microbeam) and were processed 

using HKL2000 (Otwinowski and Minor, 1997). The Rgd1p F-BAR dataset was collected at 

a wavelength of 0.91790 Å, and Hof1p F-BAR datasets were collected at wavelengths of 

0.97949 Å (peak), 0.97965 Å (inflection) and 0.94949 Å (remote).

Structure determination and refinement

Experimental phase information was obtained for Hof1p F-BAR using data collected from 

the SeMet-containing crystals, with multi-wavelength anomalous diffraction (MAD) 

methods implemented in the program SHELX C/D/E (Schneider and Sheldrick, 2002). The 

8 Se sites found with SHELX were then refined with SOLVE/RESOLVE (Terwilliger, 

2000; Terwilliger and Berendzen, 1999). The resulting experimentally phased map was 

excellent (Figure S1A), and allowed amino acids 2-274 to be traced using the program Coot 

(Emsley and Cowtan, 2004). For Rgd1p F-BAR domain, the structure was solved by 

molecular replacement (MR) using Phaser (CCP4, 1994), with a search model based on the 

Hof1 F-BAR domain structure that retained the core three-helix bundle mutated to poly-ala. 

For both structures, cycles of manual building/rebuilding using Coot were alternated with 

rounds of refinement employing REFMAC (CCP4, 1994) and solvent flattening with the 

program DM (CCP4, 1994), plus composite omit maps calculated with CNS (Brünger et al., 

1998). The density for the InsP6 molecule (Figure 4C) suggested that it does not have a 

highly preferred binding orientation, consistent with the lack of stereospecificity in binding. 

To avoid distortion of the geometry arising from multiple poses, we refined the InsP6 

molecule as a rigid body. TLS refinement (Winn et al., 2001) was employed in REFMAC. 

PHENIX (Adams et al., 2010) was used for later stages of refinement, and for final model 

validation. In the final Hof1p and Rgd1p F-BAR models respectively, 0.37% and 0.72% of 

residues are Ramachandran outliers. Data collection and refinement statistics are presented 

in Table 1. Structure figures were generated using PyMol (http://www.pymol.org/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• F-BAR domains differ in their phospholipid-binding specificity

• The S. cerevisiae Rgd1p F-BAR domain selectively binds phosphoinositides

• Crystallography identifies a phosphoinositide-binding site in Rgd1p F-BAR 

domain

• This site is partly conserved in other F-BAR domains, but fully in a human 

RhoGAP
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Figure 1. The Rgd1p F-BAR domain has distinct membrane binding properties
(A) Ras Rescue (Isakoff et al., 1998) studies show that the N-terminal 324 amino acids 

(1-324, corresponding to the F-BAR domain) of Rgd1p are necessary and sufficient to 

recruit non-farnesylated Ha-RasQ61L fusions to the membrane and rescue growth of cdc25ts 

yeast cells at 37°C. Bzz1p and Hof1p F-BAR domains (residues 1-292 and 1-300 

respectively) also show membrane recruitment. Schematic figures of the proteins fused to 

Q61L Ras are shown at left. On the right, representative results are shown for serial dilutions 

of yeast cultures expressing the noted fragments spotted in duplicate onto selection plates 

and incubated at the permissive (25°C) or restrictive (37°C) temperature for 4-5 days.

(B) Vesicle sedimentation studies with histidine-tagged F-BAR domains (10 μM) incubated 

with increasing concentrations of SUVs containing 20% (mole/mole) PtdSer or 10% (mole/

mole) PtdIns(4,5)P2. The percentage of protein pelleting with the vesicles was measured, 

and data fit as described (Kavran et al., 1998). Mean and standard deviation (SD) are shown 

for at least three independent experiments.
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Figure 2. Subcellular localization of GFP-fused S. cerevisiae F-BAR domains in yeast and 
mammalian cells
(A) The GFP-fused Rgd1p F-BAR domain was expressed in wild-type yeast cells (left), 

cells with a temperature sensitive mutation in Mss4p, the major PtdIns4P 5-kinase (mss4ts; 

middle), or cells with temperature sensitive mutations in both major PtdIns 4-kinases Stt4p 

and Pik1p (stt4ts/pik1ts; right). Experiments were performed at (37°C) or below (26°C) the 

restrictive temperature. PtdIns(4,5)P2 levels are greatly reduced in the mutant strains even at 

26°C (Audhya et al., 2000; Stefan et al., 2002). Images are representative of >90% of cells 
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observed, with >100 cells observed in each of at least three independent experiments. (B) 

Comparison of localization of GFP-fused Rgd1p, Bzz1p, and Hof1p F-BAR domains in 

HeLa cells (upper panels) and wild-type S. cerevisiae cells (lower panels). Representative 

cells from >300 analyzed are shown.
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Figure 3. Structures of the Rgd1p and Hof1p F-BAR domains
(A) Cartoon of the dimeric Rgd1p F-BAR domain, with one molecule colored magenta 

(right) and the other pink (left). Three views are shown, with the F-BAR domain 

progressively rotated around its long axis. The middle (orthogonal) view looks into the 

concave surface, and the bottom view is 180° rotated so that the view is into the convex 

surface. The five primary α-helices are labeled. The two bound InsP6 molecules (bound to 

the concave surface) are labeled and circled in black. See also Figures S2 and S3.

(B) The Hof1p F-BAR domain represented as in (A), but with the two monomers colored 

dark blue (right) and light blue (left). See also Figures S2 and S3.

(C) Structure of the Pacsin-1 F-BAR domain from PDB entry 3HAI (Wang et al., 2009), 

illustrating the ‘S’ or tilde shape seen in some F-BAR domains.
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Figure 4. Phosphoinositide binding site specific to Rgd1p F-BAR domain
(A) The Rgd1p F-BAR domain, labeled as in Figure 3A, with the InsP6 binding site in the 

right-hand molecule circled and detailed in the inset. In the lower part of the panel, the 

Rgd1p F-BAR domain is shown with its surface colored according to electrostatic potential 

(blue is positive; red is negative). See also Figure S4.

(B) The Hof1p F-BAR domain, with the region corresponding to the Rgd1p InsP6 binding 

site circled and shown in detail in the inset. The lower panel shows the Hof1p F-BAR 
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domain with its surface colored according to electrostatic potential as for (A). Black vertical 

arrows point to the location of the InsP6 binding site in Rgd1p or its equivalent in Hof1p.

(C) Composite omit map contoured at 1σ for the region around the InsP6 binding site in 

Rgd1p F-BAR. The electron density indicates that InsP6 binds in multiple different 

orientations, consistent with the lack of stereospecificity and smearing of density. InsP6 

(shown as sticks) was fit in one ‘average’ orientation, and refined as a rigid-body.
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Figure 5. Interrogation of the crystallographically observed phosphoinositide binding in Rgd1p 
F-BAR by mutagenesis
(A) Expanded view of the InsP6 binding site in Rgd1p F-BAR, in the same orientation as 

Figure 4A, showing candidate basic residues involved in InsP6 binding.

(B) Assessment of PtdIns(4,5)P2 binding by Rgd1p F-BAR mutated variants using SPR. 

Purified proteins (30 μM) were injected onto a sensorchip bearing 10% (mole/mole) 

PtdIns(4,5)P2 in DOPC, and the binding signal (± SD for at least three experiments) plotted 

as a function of the value recorded for wild-type protein.
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(C) The same mutations were also introduced into the GFP-fused Rgd1p F-BAR domain and 

expressed in HeLa cells to assess effects on subcellular localization. Over 300 cells were 

examined for each variant, and representatives are shown.
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Figure 6. Conservation of InsP6 binding site elements in other F-BAR domains
(A) The S. cerevisiae and human F-BAR domains listed were aligned using PROMALS3D 

(Pei and Grishin, 2014), which includes evolutionary and structural information. Only 

helices α1 to α3 are shown, corresponding to the first half of the F-BAR domain, which 

contains the Rgd1p InsP6 binding site. Basic residues are colored blue. Positions of key 

residues in the Rgd1p F-BAR InsP6 binding site are depicted with red vertical arrows, 

labeled with the Rgd1p residue number – and shaded blue where they occur in Rgd1p or 

other F-BAR domains. Residues shaded light red correspond to residues implicated in 
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binding of other F-BAR domains to anionic membranes by mutational studies. Where a 

basic residue is also present at one of these positions in Rgd1p, it is boxed. (B) Close-up 

view of the Rgd1p F-BAR (magenta) InsP6 binding site overlaid with the structure of the 

Gmip (GEM interacting protein – a Rho-GAP) F-BAR domain shown in cyan (PDB entry 

3QWE). The two F-BAR domain structures are compared in Figure S5. The InsP6 binding 

site is almost completely conserved in Gmip F-BAR, with the exception of K149 (replaced 

by M200, but with K201 close by).

Moravcevic et al. Page 26

Structure. Author manuscript; available in PMC 2016 February 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Moravcevic et al. Page 27

Table 1
Data collection and refinement statistics

Rgdlp
F-BAR
InsP6

Hof1p
F-BAR

Data collection

Space group C2 C2

Cell dimensions

 a, b, c (Å) 179.0, 74.1, 105.7 137.0, 44.0, 95.7

 α, β, γ (°) 90, 104.3, 90 90, 133.5, 90

Peak Inflection Remote

Resolution (Å)
a 50-3.3 50-2.7 50-2.7 50-2.7

R sym b 0.14 (0.53) 0.10 (0.30) 0.08 (0.39) 0.07 (0.30)

I / σI 14. 0 (3.2) 37.2 (5.7) 32.9 (3.8) 33.9 (4.9)

Completeness (%) 99.7 (100) 99.7 (97.2) 99.4 (96.2) 98.9 (90.4)

Redundancy 4.2 (4.3) 7.0 (5.7) 6.9 (5.1) 7.2 (6.0)

Refinement

Resolution (Å) 31-3.3 40-2.7

No. reflections 19341 11489

Rwork/Rfree
c 26/30 20/24

No. atoms 4394 2226

 Protein Rgd1p Hof1p

A:aa 30-326 aa 2-275

B:aa 25-326

 Ligand molecules 2 (InsP6)

 Water molecules 8 40

B-factors

 Protein 64.4 68.6

 Ligand/ion 98.8

 Water 31.1 68.7

R.m.s. deviations

 Bond lengths (Å) 0.006 0.003

 Bond angles (°) 1.09 0.61

See also Figure S1.

a
Highest-resolution shell data are shown in parentheses. Each dataset was collected from a single crystal.
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