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Abstract

F-BAR domains, like all BAR domains, are dimeric units that oligomerize and bind membranes.
F-BAR domains are generally coupled to additional domains that function in protein binding or
have enzymatic activity. Because of their crescent-shape and ability to oligomerize, F-BAR
domains have been traditionally viewed as membrane deformation modules. However, multiple
independent studies have provided no evidence that certain F-BAR domains are able to tubulate
membrane. Instead, a growing body of literature featuring structural, biochemical, biophysical,
and microscopy-based studies supports the idea that the F-BAR domain family can be unified only
by their ability to form oligomeric assemblies on membranes to provide platforms for molecular
assembly.
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All F-BAR domains bind, but not all bend membrane

Bin/Amphiphysin/Rvs (BAR) superfamily proteins are critical components of membrane-
linked processes in eukaryotic cells, including endocytosis, cytokinesis, and motility. These
proteins are defined by the namesake BAR domain, which dimerizes to form a crescent-
shaped bundle of six alpha-helices that directly binds membrane (Box 1). BAR dimers have
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the propensity to self-associate into oligomeric assemblies [1]. BAR proteins are also
usually modular and contain additional domains that generally link components of the actin
cytoskeleton to membrane via the BAR domain [1-3]. Their membrane-binding properties,
tendency to oligomerize, banana-shape of the dimers, and localization of some BAR proteins
at sites of membrane curvature in cells led to the view that BAR domains are curvature
generating, stabilizing, and/or sensing modules (Figure 1A).

Indeed, the earliest in vitro studies of BAR domains demonstrated their ability to tubulate
when concentrated on membrane [4]. The purified human amphiphysin BAR domain was
the first reported to deform liposomes made of total brain lipids (Folch fraction) in vitro, and
electron microscopy (EM) was used to visualize its ability to drive vesicle tubulation
through extensive self-association [4]. Further evidence for amphiphysin’s ability to deform
membrane was obtained by overexpressing its BAR domain in cultured HeLa and COS-7
cells, which resulted in plasma membrane tubulation. These two assays — adding purified
BAR domains to liposomes and over-expressing BAR domains in cultured cells — became
standard for assaying BAR domain tubulation activity (Box 2).

The Fes/Cip4 homology BAR (F-BAR) subfamily is distinguished from classical BAR
domains based on sequence and structure; F-BAR dimers form a more extended and less
curved shape compared to BAR dimers, as first observed for the FBP17 and FCHo1/2 F-
BAR domains [5, 6] in comparison with amphiphysin and endophilin BAR domains [7]
(Box 1). These differences in dimer shape led to the idea that F-BAR domains may generate
different degrees of membrane curvature than classical BARs [8]. There is supporting
evidence for this hypothesis, as F-BARs cluster in spatially separate areas when
overexpressed simultaneously with classical BAR domains in cultured cells [9].

Like classical BARs, a majority of F-BAR domains tubulate membrane in standard assays
[5, 6, 8]. However, comprehensive examination of human F-BAR family members, including
GAS7 and FCHSD1/2, under a variety of conditions of membrane composition, tension, and
with or without tags for domain visualization did not detect membrane tubulation in the two
standard assays, suggesting that some F-BAR domains do not tubulate membranes at all, but
simply bind it (Table 1) [10]. This suggests that membrane curvature generation may not be
a unifying function of the family (Figure 1B).

Here, we review the structures and oligomerization strategies of F-BAR domains, and how
these properties are likely to dictate and constrain their biological functions on membranes.
As in classical BARs like amphiphysin and endophilin, most F-BAR proteins contain
additional domains, typically an SH3 domain(s), that can link the membrane-bound F-BAR
to actin networks and/or promote actin polymerization locally [11]. However, there are now
several examples of F-BAR domains directly serving as the bridging component themselves,
and we discuss the emerging evidence that oligomerization therefore allows F-BAR domains
to polymerize protein interaction networks that promote the structure and function of actin-
based networks.
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F-BAR oligomerization strategies inform function

F-BAR domains use varying modalities to oligomerize. For example, crystal packing
contacts implicate residues at the tips of the F-BARs FBP17 and CIP4 in mediating
oligomerization [6]. Cryo-EM of CIP4 F-BAR assembled on membrane allowed for single-
particle reconstruction, which provided further evidence of tip-to-tip assembly of dimers in
vitro [9]. This analysis also revealed that lateral contacts can occur between neighboring F-
BAR dimers, facilitating membrane tubulation in vitro and resulting in spiral filaments with
the concave faces of the assembled F-BAR domains contacting membrane (Figure 1A).
Disrupting CIP4 F-BAR domain tip-to-tip or lateral oligomerization reduces tubule
formation in standard assays [6, 9].

The Schizosaccharomyces pombe Imp2 F-BAR domain crystalized as a dimer of dimers,
with residues at the tip of one dimer contacting the core of a neighboring dimer, resulting in
a helical assembly when extended mathematically with the concave membrane-binding
surfaces on the interior [12]. This oligomerization strategy is consistent with Imp2 F-BAR
domain’s ability to tubulate vesicles in vitro, and mutation of oligomerization residues
renders Imp2 tubulation-deficient [12]. It is logical that F-BAR domains like CIP4 and Imp2
that can assemble into spiral structures are able to tubulate membrane in vitro.

However, F-BAR domains also assemble on flat membranes using different oligomerization
strategies (Figure 1). FBP17 F-BAR dimers make tip-to-tip contacts when assembled on a
flat membrane in vitro and imaged by EM [9]. Intriguingly, in this instance, F-BAR domains
contact the membrane with the lateral side of the crescent, rather than the canonical concave
surface, occluding lateral oligomeric contact sites observed on membrane tubules. Although
this flat assembly has not been detected in vivo, it may be relevant to FBP17 action at
lamellipodia membranes [13]. In another example of sheet-like assembly, the mammalian
GAS7 F-BAR domain forms flat filamentous oligomers (FFO) through lateral interactions of
the F-BAR dimers on monolayers in vitro [14]. Similar to the orientation of FBP17 F-BAR
domains observed on a flat membrane, the configuration of GAS7 dimers in the FFO
suggests that residues on the lateral side of the GAS7 F-BAR contact the membrane. This
oligomerization strategy of the GAS7 F-BAR domain into a flat sheet may explain why
tubulation was not observed in the two standard assays [10, 14].

The S. pombe Cdc15 F-BAR domain forms tip-to-tip linear oligomers as visualized by EM,
mediated by electrostatic interactions between reciprocally charged residues at dimer tips
[10, 15]. A straight linear assembly of Cdc15 F-BAR domains would be consistent with their
inability to deform membrane in vitro and also with the function of Cdc15 at a flat
membrane along the cell wall of rod-shaped S. pombe [16]. Drosophila melanogaster
Nervous wreck (Nwk) F-BAR domain is also non-tubulating and assembles tip-to-tip on
monolayer membranes /n vitro. Nwk dimers come together in a V-shape, resulting in zig-zag
assemblies as visualized by EM [17]. This arrangement may explain the scalloped shapes of
Nwk-bound membranes in vitro and when Nwk is overexpressed in S2 cells [17]. In the
Cdc15 and Nwk F-BAR examples, the evidence suggests that the concave faces are utilized
for membrane-binding when assembled in an oligomer.
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Mammalian GAS7 and S. pombe Cdc15 exemplify how F-BAR domain structure and
oligomerization strategy are connected to biological function. Consistent with the shallow
curvature and sheet-like assembly of the GAS7 F-BAR domain, GAS7 localizes to the flat
membrane at the base of the phagocytic cup in macrophages as revealed by super-resolution
microscopy (Box 3) [14]. Furthermore, mutations that disrupt GAS7 F-BAR domain
oligomerization inhibit phagocytosis, indicating the functional requirement for this GAS7
oligomerization mechanism. The mammalian FCHSD2 F-BAR dimer also has shallow
curvature and localizes to the flat membrane at the base of clathrin-coated pits during
endocytosis [18]. It is unknown what oligomeric FCHSD?2 looks like in this context, but it
will be interesting to see if FCHSD2 also assembles into flat sheets like the GAS7 F-BAR
domain or in zig-zags like its orthologue Nwk [17]. S. pombe Cdc15 is a scaffolding protein
of the cytokinetic ring, linking protein partners to the plasma membrane. In vitro studies
demonstrated that oligomerization allows high avidity Cdc15 membrane-binding, suggesting
that oligomerization allows efficient scaffolding of the cytokinetic ring in cells [10]. In
support of this, Cdc15 oligomerization mutants are more dynamic and less stably associated
with the membrane compared to wildtype and display cytokinetic ring instability. The
shallow curvature of the Cdc15 F-BAR dimer, the tip-to-tip oligomerization strategy, and the
inability to tubulate membrane in vitro are all consistent with function at a flat membrane in
vivo.

At flat membranes, instead of driving membrane curvature, F-BAR domain oligomerization
may function to generate high avidity membrane-binding and concentrate binding partners at
the membrane. For instance, Cdc15 scaffolds a network of proteins via its F-BAR and SH3
domains that promote completion of cytokinesis [19, 20]. In mammalian cells, oligomerized
F-BAR domains likely function similarly to create a high-density of binding modules for
partners that promote actin polymerization for endocytosis, as well as podosome and
phagocytic cup formation [18, 21-23].

While it is now appreciated that F-BAR domains oligomerize in a variety of modes, the next
frontier is linking the structure of F-BAR dimers and their higher-order oligomeric
assemblies to functions in vivo. For example, it is unclear how helical structures formed by
CIP4 and FBP17 F-BAR domains in vitro relate to their functions at flat membranes, such as
those of lamellipodia [13]. While the F-BAR domain of PACSIN/Syndapin can generate
membrane tubules in vitro, crystal lattice contacts suggest that PACSIN1 assembles into
sheets with contacts between the tip of one dimer and the core of another, with the concave
face of each dimer facing the same direction toward the membrane [24]. Whether such an
assembly could generate membrane tubulation in vivo, and if this flat assembly is utilized in
cells is unknown [24]. In the case of S. pombe Imp2, although the F-BAR domain forms
helical assemblies and tubulates membrane in vitro, structure-function analysis showed that
mutations that disrupt oligomerization have little consequence for Imp2’s function in
cytokinesis in vivo [12]. Thus, caution is warranted when drawing conclusions about the
physiological relevance of membrane deformation from in vitro assays performed with
supra-physiological concentrations of F-BAR domains.
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F-BAR domains as protein interaction modules

F-BAR domains are typically connected to other domains that have protein interaction
and/or enzymatic activities that in turn link F-BAR proteins to the actin cytoskeleton
(reviewed in [11, 25]). Hence, F-BAR domains might be viewed simply as membrane-
targeting modules, which merely localize other domains to their site(s) of action. Indeed,
substitutions of an essential F-BAR domain in yeast with various yeast and human F-BAR
domains support cell viability, suggesting that F-BAR domains are remarkably
interchangeable membrane-binding modules [26]. However, there is mounting evidence that
a key F-BAR domain function is mediating protein-protein interactions in addition to
protein-membrane interactions, and these dual properties can allow F-BAR domains to form
interaction platforms that tether complex actin-based structures to membrane.

The list of reported F-BAR domain binding partners is expanding, as is insight into the
functional consequences of such interactions in different biological contexts. For some F-
BAR domains, a partner is required for robust localization to a site of action within the cell.
An example of this type of relationship is the cooperation between S. pombe cytokinetic F-
BAR protein Rga7 and coiled-coil protein Rng10 [27] (Figure 2A). Although the Rga7 F-
BAR domain binds membrane in vitro, it does so with low affinity unless in complex with
Rng10, and in cells Rga7 does not localize to the cell division site without Rng10, or vice-
versa.

In platelets and megakaryocytes, the F-BAR domain of PACSIN2 binds the actin-binding
protein Filamin A, and deletion or mutation of Filamin A disrupts PACSINZ localization
[28]. In epithelial cells, PACSIN2 F-BAR domain binds to polycystin-1 to facilitate its
localization at lamellipodia membranes [29]. Similarly, the cytoskeleton-associated protein
pyrin binds the PSTPIP1 F-BAR domain [30]. When expressed together in cultured cells,
pyrin directs PSTPIP1 to inflammasomes, while PSTPIP1 does not localize there on its own
[31]. Testing if Filamin A or pyrin modulates the affinity of PACSIN or PSTPIP1,
respectively, for membrane would provide important mechanistic insights.

Binding partners also regulate F-BAR protein properties other than membrane binding. The
D. melanogaster Nwk promotes membrane remodeling at synapses by activating WASp and
directing actin assembly (Figure 2B). Nwk’s membrane and actin remodeling activities are
autoinhibited by interactions between its N-terminal F-BAR and C-terminal SH3 domains
[32]. Full activation of Nwk requires association with membrane, WASp, and Dap160/
intersectin, a partner that binds both the F-BAR domain and a C-terminal SH3 domain of
Nwk [33]. Multi-step activation of Nwk may ensure it promotes actin assembly only at the
appropriate place and time.

In a reciprocal mechanism to that described for Nwk, some F-BAR domains influence the
activity or localization of their partners. For example, during cytokinesis in Saccharomyces
cerevisiae, the Hofl F-BAR domain binds and inhibits Chs4, a chitin synthase 111 activator,
which synthesizes the secondary septum at the division site [34]. Because Chs4 arrives at the
bud neck during the early stages of cytokinesis, inhibition by the Hofl F-BAR domain
prevents premature septum synthesis [34]. The Hofl F-BAR domain also inhibits actin cable

Trends Cell Biol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snider et al. Page 6

formation by binding the formin Bnrl to block actin nucleation [35]. This regulation ensures
normal actin cable morphology and secretion [36].

F-BAR domains also serve to anchor proteins directly to membrane. In S. pombe, the Cdc15
F-BAR domain binds the cytokinetic formin Cdc12, promoting its recruitment to the
division site where it nucleates the F-actin of the cytokinetic ring [37] (Figure 2C). Acting as
a bridge between the cytoskeleton and the plasma membrane through F-BAR domain
binding to Cdc12 is likely a key mechanism by which Cdc15 anchors the cytokinetic ring.
The human F-BAR protein PSTPIP1 similarly localizes to the plasma membrane of the
cytokinetic cleavage furrow [38].

In some cases, the F-BAR domain residues that mediate protein-protein interactions have
been identified, but there does not appear to be a unifying mechanism of F-BAR domain-
protein engagement. The PACSIN2 F-BAR domain associates with F-actin in vitro, but the
residues implicated in this interaction are on the concave side of the F-BAR domain, which
is also the membrane-binding face [39]. This suggests that the PACSIN2 F-BAR domain
would be unable to bind membrane and F-actin simultaneously, and the physiological
function of this interaction is unclear. For the Filamin A—PACSIN2 association, the residues
important for binding are at the tips of the F-BAR dimer [28]. Because membrane binding is
generally coincident with F-BAR dimer tip-to-tip oligomerization, determining if PACSIN2
can oligomerize on membranes in vivo and bind Filamin A simultaneously will be critical to
understanding the physiological function of this association.

A completely different interaction mechanism has been identified between the formin Cdc12
and the Cdc15 F-BAR domain in S. pombe. Cdc12 binds the cytosolic face of the F-BAR
dimer [40]. This positioning allows the F-BAR domain to simultaneously bind the
membrane and formin, positioning Cdc12 for F-actin nucleation at the division site. A
homology model of the PSTPIP1 F-BAR domain based on the FBP17 F-BAR domain
structure reveals that negatively charged residues implicated in pyrin association are likely
also on the convex side of the F-BAR domain [31]. Given these parallels, it will be
interesting to determine if PSTPIP1 F-BAR domain also sandwiches itself between the
membrane and a protein partner. Considering that most F-BAR domains use their concave
faces for membrane-binding and tips for oligomerization, it is plausible that utilization of the
convex face for protein binding will emerge as a general F-BAR feature.

F-BAR domains as platforms for complex actin-based structures

While there are now multiple examples of F-BAR domains acting as membrane-bound
scaffolds for other proteins, there is emerging evidence that the impact of these interactions
extends away from the membrane. For S. pombe Cdc15, mutating the cytosolic scaffolding
face of the F-BAR domain not only reduces recruitment of formin Cdc12 to the cytokinetic
ring, but also results in loss of paxillin-like protein PxI1 and protein phosphatase calcineurin
[40]. Ordinarily, the components of the cytokinetic ring are stratified into layers arranged
from the plasma membrane toward the cell interior [41]. Surprisingly, disruption of the
protein interaction network organized by the Cdc15 F-BAR domain collapses this
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architecture such that even components normally hundreds of nanometers away localize
closer to the membrane [40].

Although the mechanism explaining how the Cdc15 F-BAR domain influences the
nanoscale architecture of the cytokinetic ring is not yet clear, it is likely through binding
partners. PxI1 binds the Cdc15 F-BAR domain, but it also binds the Cdc15 C-terminal SH3
domain [40]. Because the Cdc15 F-BAR and SH3 domains occupy distinct spatial zones
within the cytokinetic ring [41], it may be that PxI1 displaces the Cdc15 SH3 domain away
from the plasma membrane. Although this has not yet been tested, as described above there
is precedent for the existence of proteins that bind multiple sites within an F-BAR protein.
Dap160 interacts with both the F-BAR and SH3 domains of Nwk [33] and pyrin requires
both the F-BAR domain and SH3 domain to bind PSTPIP1 [30]. Although the PSTPIP1
SH3 domain is dispensable for pyrin-mediated PSTPIP1 localization to the inflammasome
[31], it may need to be engaged by pyrin for PSTPIP1 function. Determining if proteins
generally modulate the overall conformation and function of F-BAR proteins via multivalent
interactions will inform how they are regulated at actin-based structures.

Another possible explanation for the cytokinetic ring defects in cac15F-BAR scaffolding
mutants is mis-regulated signaling in the absence of calcineurin. PSTPIP1 also facilitates
signaling, by bringing a phosphatase and a substrate into proximity. PSTPIP1 binds the
protein tyrosine phosphatase PEST through its F-BAR domain and the c-abl kinase through
its C-terminal SH3 domain [42]. These binding events promote efficient c-abl
dephosphorylation by PEST and thus regulate c-abl kinase activity. To test if Cdc15 works
analogously to bring calcineurin and its substrates together, the full cohort of calcineurin
substrates at the cytokinetic ring will first need to be identified.

F-BAR domains act as platforms for building actin-based structures in other biological
contexts. The FCHSD2 F-BAR domain localizes to the base of clathrin coated pits, and is
important for coordinating actin polymerization at these structures [18]. Similarly, the
coordinated interactions of Dap160 and WASp with Nwk promote F-actin assembly during
synaptic endocytosis [33]. In S. cerevisiae, Hof1 plays a role in linking F-actin cables to the
septin network at the bud neck, which is crucial for proper nanoscale spacing of actin cables
[43].

Concluding remarks

Multiple investigations have defined a subset of F-BAR domains that appear incapable of
tubulating membrane under a wide variety of conditions (Table 1). We have proposed here
that the unique sequence and structure of each domain dictates its oligomerization strategy
and this, in turn, determines its ability to tubulate or deform membrane. The structure of the
oligomer would also determine whether the domain could sense a particular membrane
curvature and by binding it, perhaps stabilize it. In each of the studies we reference, not
every possible lipid composition or membrane tension condition was tested in vitro and it
can be argued that the ideal condition to allow membrane tubulation has yet to be defined.
However, it is worth noting that the non-tubulating F-BAR domains were overproduced in
intact cells that contain a rich assortment of membranes of varying composition and
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curvature and yet, tubulation was not observed. Therefore, the most parsimonious
explanation for these observations is that the oligomeric structures of these F-BAR domains
do not permit curvature sufficient for them to wrap around membrane tubules. Nonetheless,
it remains possible that sequences adjacent to the F-BAR domain fragments tested, binding
partners, or post-translational modifications may alter the core domain structure, even the
oligomeric assembly strategy, and allow different membrane interaction properties to be
revealed. Heterodimerization may also impact oligomeric structures in the one defined case
of srGAP family F-BAR domains [44]. Returning to in vitro liposome tubulation assays with
binding partners and knowledge of post-translational modifications will inform on these
possibilities.

Though membrane tubulation ability varies among the F-BAR domains, the ability to
oligomerize appears to be a unifying domain characteristic. However, in few cases do we
have a complete picture of how the structure of the F-BAR dimer and its oligomerization
mode support physiological function. To tease this apart, the strategy of oligomerization
must be determined for each F-BAR domain. Then, investigators can perform appropriate
structure-function analyses to test the role of oligomerization. The field also lacks
information about the structure of F-BAR oligomers in their native contexts. It will be
important to understand the size of oligomeric units in vivo and how many are required for
F-BAR function. Super-resolution imaging approaches will need to be used to observe and
measure the assemblies and to count the number of F-BAR dimers in each (Box 3).

F-BAR oligomerization likely serves to polymerize protein interaction networks on
membranes. We presented emerging evidence that F-BAR domains themselves, rather than
adjacent domains, can act as protein interaction hubs. Although instances of protein binding
to F-BAR domains have been reported, further research is required to determine how
extensive this mechanism of F-BAR domain function is. Certainly, the existence of distinct
binding partners could explain why some F-BAR domains cannot fulfill the functions of
others as would be expected if F-BAR domains were merely membrane-targeting modules
[26]. Therefore, it will be informative to define the full cohort of F-BAR domain binding
partners using genetic and biochemical approaches.

Given that there are now examples of a single F-BAR domain binding multiple proteins, a
comprehensive understanding of interactors will open further questions regarding how
multiple partners are coordinated. For instance, is multi-factor regulation by two or more
proteins a common mode of F-BAR protein activation and/or regulation? Are F-BAR
proteins differentially regulated spatially or temporally depending on which F-BAR domain
partner is engaged? Alternatively, can a particular F-BAR domain bind two partners
simultaneously? In addition, considering the examples in which F-BAR domains modulate
the architectures of F-actin structures through multiple binding partners (Figure 2), future
studies will need to consider the potential long-range consequences of disrupting F-BAR
domain interactions.

Although we have focused on the F-BAR subfamily, the themes we have explored here
extend more broadly to the BAR superfamily. For example, of the subfamily of sorting
nexins that contain BAR domains (SNX-BARs) and function in endosomal sorting, only a
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subset can tubulate membrane [45]. Moreover, the Pinkbar (planar intestinal and kidney-
specific BAR domain protein) I-BAR domain dimer has shallow curvature and cannot
tubulate membrane [46] and the yeast Ivylp I-BAR (inverse BAR) forms straight linear
filaments in vitro, indicating that similar to the F-BAR family, there is diversity in
oligomerization modes utilized by I-BAR proteins [47]. In analogy to the F-BAR domains
discussed here, some BAR domains have binding partners [48-50], suggesting that a
function in concentrating protein interaction networks at membranes may be a unifying
characteristic of the larger superfamily.
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Box 1:
Classifications of BAR domains

The BAR domain forms a helix-bundle dimer of crescent shape. Positively charged
residues are enriched on the concave or convex surface of the crescent and participate in
binding negatively charged membrane lipids, particularly at the plasma membrane [9].
Most BAR domains form homodimers, although the highly related srGAPs can
heterodimerize [44]. One BAR domain dimer is small compared to the membrane, and
thus the protein surface of an oligomerized BAR domain is considered to be necessary for
any membrane shaping activity such as tubulation [9].

BAR domains are classified into the classical BAR subfamily, including N-BARs, and
also the F-BAR and I-BAR domain subfamilies (reviewed in [1]). The F-BAR subfamily,
the subject of this review, is distinguished from classical BAR domains by their
conserved primary sequence that is generally longer (~300 amino acids) than that of the
classical BAR domain (~200 amino acids). F-BAR dimers also generally form a more
extended structure, having a length of ~20 nm, and less curved shape compared to
canonical BARs. The earliest F-BAR domain structures of FBP17, CIP4, and FCHo2
revealed that the arc depths of these dimers were approximately three times more shallow
than those of BAR dimers [8], but there is variation in shape within the subfamilies and
more recent studies have revealed that some F-BAR domain dimers, including those of S.
pombe Cdcl5 and H. sapiens GAS7 and FCHSD2, are nearly flat [14, 18, 40].

Homo sapiens has approximately 50 classical BAR domain proteins and 20 F-BAR
proteins. In human tissues, the widely expressed F-BAR domain proteins are FBP17,
CIP4, TOCA-1, PACSIN2/3, GAS7, FCHSD2, FES, srGAP1, and srGAP2, by mRNA
frequency according to the National Center for Biotechnology Information (NCBI) [54].
Yeast have considerably fewer with approximately 16 and 10 classical BAR domain
proteins in S. pombe and S. cerevisiae, respectively, and 7 F-BAR domain-containing
proteins in each yeast species [55, 56].
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Box 2.

Methods for studying F-BAR activity on membranes: liposome and cell-
based assays

For liposome tubulation assays, the experimenter generates liposomes of the composition
of their choosing. Choice of lipids and buffer will affect the properties of the liposomes,
such as fluidity and tension [57]. Proteins, preferably with tags for purification removed,
are then added to liposomes. Next, an appropriate visualization method is selected. For
liposomes, transmission electron microscopy (EM) provides the necessary resolution to
visualize F-BAR-generated tubules. Cryo-EM can provide finer resolution and allow for
reconstruction of individual F-BAR domains on membrane, as was demonstrated for
CIP4 F-BAR [9]. This approach provides not only information about if an F-BAR
domain generates tubules, but also the F-BAR oligomer structure on the tubule.
Alternatively, generation of giant unilamellar vesicles (GUVs), which are > 1 micron in
diameter and used to model cell size, allows for conventional light microscopy
visualization [58]. Lipids coupled to a fluorescent dye should be incorporated for
membrane visualization and F-BAR domains should be linked to a fluorophore, e.g. GFP,
which could potentially interfere with membrane binding and/or deformation.

One advantage of liposome tubulation assays is having experimental control of
membrane properties and protein concentrations. However, experimenters may find that
F-BAR domains only tubulate liposomes of certain compositions in specific buffers.
Tubulation activity has not been detected for some F-BAR domains, which may raise
concern that cellular regulation not recapitulated in vitro is required for tubulation or that
optimal liposome and buffer composition has not been identified. Because it is not
practical to test every lipid and buffer condition, cell-based assays may be a logical
alternative.

In the cell-based assay, over-expression of F-BAR domains coupled to a fluorophore are
driven from mammalian expression vectors in cultured cells; COS and HeLa cells are
typically used and tubulation can be visualized by fluorescence microscopy. A negative
control is required, and a membrane marker or dye should be utilized to assess if any
resultant tubules are membrane-coated. This assay is advantageous because cells contain
membranes of varying compositions and curvatures, which can be difficult to recreate in
vitro. However, coupling a fluorophore to an F-BAR domain may interfere with
membrane binding and/or oligomerization, which would inhibit tubulation. These
properties however can be assessed in vitro as a complement to the cell-based assay. If a
membrane-binding and oligomerization-competent F-BAR domain does not tubulate any
cellular membrane in this assay, it is difficult to rationalize what a physiological function
of membrane tubulation concocted under specific conditions in vitro would be.
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Box 3:
Super-resolution microscopy approaches.

Super-resolution microscopy provides better accuracy in localizing molecules than
conventional microscopy methods through methods that bypass the diffraction limit of
light. Super-resolution techniques include stimulated emission depletion microscopy
(STED) [59, 60], structured illumination microscopy (SIM) [61], and the single molecule
localization microscopy (SMLM) methods, stochastic optical reconstruction microscopy
(STORM) [62] and photoactivated localization microscopy (PALM) [63]. SMLM
techniques provide accurate positional information by selectively activating a subset of
photoswitchable fluorophores or dyes coupled to the target at a time. When this subset of
probes are extinguished, the sequence is repeated, allowing for acquisition of a large
dataset of accurate position coordinates. SMLM methods can provide resolution of ~20
nm, which is equivalent to the length of a single F-BAR domain dimer. Thus, these
methods provide the necessary resolution to model F-BAR domain assemblies [14].
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Outstanding questions

. How does each F-BAR domain oligomerize?
. What is the size and shape of each F-BAR domain oligomer?
. Does the mode of F-BAR domain oligomerization confer function?

. What is the full cohort of direct binding protein partners of each F-BAR
domain and are they unique?

. How do F-BAR domains support the structure and function of actin-based
structures in different biological contexts?
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Highlights

F-BAR domains are membrane-binding modules that oligomerize and couple actin-based
structures to membranes.

Although most F-BAR domains are observed to tubulate membranes in vitro, a subset of
F-BAR domains lacking membrane tubulation activity have been identified, suggesting
that membrane-tubulation activity does not unify F-BAR family function.

F-BAR domains employ diverse schemes of oligomerization and the oligomerization
mode of a particular F-BAR domain dictates whether or not it can generate membrane
curvature.

F-BAR domain oligomers polymerize protein interaction networks on membranes in part
through recruitment of direct F-BAR domain binding proteins. Disruption of these
membrane-proximal interactions can impact the organization of an entire actin-based
structure.

Modes of F-BAR domain oligomerization and binding partners are specialized depending
on cellular context.
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(A) On CURVED membranes (B) On relatively FLAT membranes
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Figure 1: Assembly of F-BAR domains on flat membranes and their subcellular structures.
(A) Representative mode of F-BAR domain oligomerization on curved membrane. The

structures are of the F-BAR domain of FBP17 (PDB ID: 2EFL) and PACSIN2 (PDB
ID:3ABH) for membrane invaginations, the inverse F-BAR domain of srtGAP2 (PDB ID:
516J) for protrusions, the N-BAR domain of endophilin A1 (PDB ID: 2D4C) for membrane
invagination, and the I-BAR domain of IRSp53 (PDB ID: 1WDZ) for membrane protrusion.
The spiral-like assembly of the FBP17 F-BAR domain by tip-to-tip contacts [6, 9] is also
illustrated.

(B) Membrane binding of F-BAR domains on relatively flat membranes. CIP4 (PDB ID:
2EFK) and FBP17 (PDB ID: 2EFL) F-BAR domains arrange on the flat membrane in a
tilted configuration in comparison with that on tubules, where the lateral surface of the F-
BAR domain is the membrane binding surface. [9] Tip-to-tip contact was inferred from the
arrangement of the F-BAR in the crystal [6]. GAS7b (PDB ID: 61KN) assembles on the
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membrane in a similar manner, where the assembly is flat with one positively charged
surface tilted toward the membrane [14].

S. pombe Cdc15 F-BAR (PDB ID: 6XJ1) assembles linear oligomers on flat membranes
[40]. D. melanogaster Nwk F-BAR, an orthologue of mammalian FCHSD1/2, adopts a zig-
zag assembly [32]. PACSIN1 F-BAR (PDB ID: 3HAI) forms a sheet-like assembly in the
crystal lattice, suggesting it binds membrane with the positively charged surface [24]. The
dashed boxes indicate models with experimental evidence on membranes in vitro.
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(A) High avidity membrane-binding (B) F-BAR protein activation
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(C) Scaffolding partners and nanoscale spacing of actin-based structures
X

>

actin structure

<

Figure 2: Through oligomerization, F-BAR domains polymerize protein interaction networks on
membranes.

(A) Interaction between Rga7 F-BAR domain and coiled-coil protein Rng10 is required for
high avidity membrane binding in vitro and in vivo in S. pombe [27]. (B) Coordinated
binding by Intersectin/Dap160 and WASp is part of a multi-step model for Nwk/FCHSD2
activation at synaptic membranes [33].

(C) F-BAR domains scaffold protein partners directly at membrane to support the structure
of actin-based networks. Left: in S. pombe, Cdcl5 F-BAR domain utilizes opposite faces to
bind membrane and actin nucleator Cdc12 simultaneously. The Cdc15 F-BAR domain
scaffolds additional binding partners that dictate the functional nanoscale spacing of
cytokinetic ring components [40]. Right: Possible arrangement of Hofl F-BAR domain at
the membrane looking down the bud neck in S. cerevisiae. Through its F-BAR domain and
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intrinsically disordered region, Hofl and septins dictate the nanoscale spacing of actin
cables [43]. Schematics not drawn to scale.
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Table 1:
F-BAR domains that do not tubulate membrane in classical assays.
Results
Protein Organism Construct Ref
Liposome assay Cell-based assay
No tubulation detected on liposomes .
o GFP-Cdc15 F-BAR (69% DOPC, 15% DOPE, 10% DOPS, No tubulation det_ected when
Cdc15 fission yeast (aa 19-312) Cdc15 F- 5% P14P. 1% rhodamine-PE) i iet over-expressed in COS-7 [10]
BAR (aa 19-312) 6 P14P, 1% rhodamine-PE) in a variety cells
of buffer conditions and concentrations
No tubulation detected on liposomes .
GFP-FCHSD1 F-BAR | (69% DOPC, 15% DOPE, 10% DOPS, Ng&é‘fg;ﬁt:ggsgstfﬁté%‘g@e" [10]
(aa 1-376) 5% PI14P, 1% rhodamine-PE) in a variety p cells
of buffer conditions and concentraos
No tubulatic n detected on liposomes .
Auman | GFP-FCHSD2 F-BAR | (69% DOPC, 15% DOPE, 10% DOPs, | NO tubulation detected when [10]
FCHSDL/2/N (aa 1-396) 5% PI4P, 1% rhodamine-PE) in a variety p cells
Wi of buffer conditions and concentrations
FCHSD2 F-BAR (aa Induced protrusions when
1-468) EGFP Not reported over-expressed in Hela cells (18]
Did not tubulate, but induced scallops on Induced protrusions when
fl Nwk(aa 1-428)-EGFP liposomes (55% DOPC, 20% POPE, over-expressed in HEK293T 17
y Nwk(aa 1-428) 14.5% DOPS, 10% brain PI(45)P,, 05% |  and D. melanogasters2 | 117}
NBD-POPE). cells
No tubulation detected on liposomes .
GFP-Fer F-BAR (a1~ | (69% DOPC, 15% DOPE, 10% DOPS, | MO uPulation detected when (10]
287) 5% PI14P, 1% rhodamine-PE) in a variety P cells
of buffer conditions and concentrations
No tubulation detected when
Fer human GFP-Fer golgﬁR (aal- Not reported over-expressed in COS-7 [51]
cells
Induced lamellipodia
GFP-Fer Not reported formation when over- [52]
expressed in COS-7 cells
No tubulation detected on liposomes -
Fes human GFP-Fes F-BAR (aa | (69% DOPC, 15% DOPE, 10% DOPS, Ng\}gf’g;at:ggsggtfﬁté%‘g'}e" [10]
1-288 5% PI14P, 1% rhodamine-PE) in a variety p cells
of buffer conditions and concentrations
No tubulation detected on liposomes -
GFP-GAS7 F-BAR (aa | (69% DOPC, 15% DOPE, 10% DOPS, Ng\}gf"é!(at:ggsggtfﬁté%‘g’h?e“ [10]
138-476) 5% PI4P, 1% rhodamine-PE) in a variety p cells
of buffer conditions and concentrations
GAS7 human
GFP-GAST F-BAR (aa No tubulation detected on liposomes .
166-476) GAS7 F- 0 o 0 0, No tubulation detected when
(20% PC, 20% PE, 60% PS, 0.2% :
BAR (aa 166-476) i DE- 400 0 0 over-expressed in HeLa cells | [14]
rhodamine-PE; 40% PC, 40% PE, 20%
GFP-GAS7b GAS7b PS, 5% PIPy) or macrophages
GASTch ' 8
budding Hofl F-BAR (aa 1- No tubulation detected when
Hofl yeast 300)-GFP Not reported over-expressed in HelLa cells [53]
No tubulation detected on liposomes :
aooapt | numan | CEPRWGAPAE. | (669 DOPC, 5% DOPE 0w DOPS, | Mon detseduten |
BAR(aa 1-381) 5% PI4P, 1% rhodamine-PE) in a variety p cells
of buffer conditions and concentrations
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