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While directed cellular migration
facilitates the coordinated move-
ment of cells during development and
tissue repair, the precise mechanisms
regulating the interplay between the
extracellular environment, the actin
cytoskeleton and the overlying plasma
membrane remain inadequately under-
stood. The BAR domain family of lipid
binding, actin cytoskeletal regulators are
gaining greater appreciation for their role
in these critical processes. BAR domain
proteins are involved as both positive
and negative regulators of endocytosis,
membrane plasticity and directional cell
migration. This review focuses on the
functional relationship between different
classes of BAR domain proteins and their
role in guiding cell migration through
regulation of the endocytic machinery.
Competition for key signaling substrates
by positive and negative BAR domain
endocytic regulators appears to mediate
control of directional cell migration, and
may have wider applicability to other
trafficking functions associated with
development and carcinogenesis.

Introduction

Directed cellular migration facilitates the
coordinated movement of cells through-
out development and in wound repair
in the adult. This critical developmental
process is characterized by guidance cue
signal reception, followed by changes in
the cytoskeletal structure of the cell, the
formation of new adhesion complexes,
and removal of adhesions at the trailing
end of the cell."”> Morphological changes
in the cell depend on the cell’s response
to local migratory cues, which are used
to guide the cells in a specific direction.
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The dynamic regulation of signal recep-
tion and in turn, specific changes in the
cytoskeleton is the result of the precise
coordination of extracellular signal recep-
tion and interplay between the plasma
membrane and the actin cytoskeleton.
Previous studies point to a central role for
guidance receptor endocytosis in inter-
preting local migratory cues and relay-
ing them to the underlying cytoskeleton.
In cultured mammalian cells, localized
receptor-mediated endocytosis and recep-
tor recycling amplifies the guidance signal
to focally activate key regulators of the
cytoskeleton such as the GTPase Racl.?
An area of intense interest is how spatially
restricted guidance cues mediate local-
ized receptor endocytosis and signaling
to the cytoskeleton. Increasing atten-
tion has been directed towards the Bin/
(BAR)

of proteins and its role in regulating the

Amphiphysin/Rvs superfamily
precise coordination between endocyto-
sis, vesicle trafficking, signal reception
and changes in membrane morphology.*
Several excellent recent reviews give com-
prehensive overviews of the structure and
function of the BAR domain superfam-
ily.®” The purpose of this review is to
examine recent data suggesting how BAR
domain proteins function in regulating
endocytosis, and in turn guided cellular
migration.

The BAR domain superfamily of
proteins was initially characterized as a
conserved domain in the yeast Rvs161
and Rvsl67 proteins and amphiphysin/
BIN proteins.®'? The three subfamilies
are referred to as the BAR/N-BAR, the
F-BAR (Fes/CIP4 homology) and the
I-BAR (inverse or IMD homology).>*?
Structural analysis of the BAR domain
has aided in our understanding of the
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involvement of these proteins in terms of
endocytosis, intracellular trafficking and
the development of internal and exter-
nal tubular structures such as filopodia,
podosomes and the T-tubules found in
striated muscles.'""” The banana-shaped
BAR domain dimer has been shown to
bind to membranes with a curvature of
11-15 nm, and preferentially binds to
negatively charged lipids such as phospha-
tidylinositol (4,5) bis-phosphate (PI1(4,5)
P2).%7 BAR domain proteins have been
shown to bind to lipid membranes, and
bend them to the curvature correspond-
ing to the angle of their BAR domain
dimer. Amphiphysins have been shown to
mediate the formation of clathrin-coated
pits during endocytosis, as well as cre-
ate a lipid tubule between the membrane
and the newly formed vesicle.'?? Atomic
model fitting of F-BAR family dimers to
membranes reveals that residues along the
concave surface of the BAR dimer actually
bind to the membrane and force the mem-
brane to conform to the crescent shape of
the F-BAR dimer.?

Membrane remodeling into various
shapes and structures appears underlies
the functions of the wide variety of BAR
domain proteins. Structural studies have
revealed that BAR domain proteins have
different inter-dimer angles that will
conform membranes into characteris-
tic shapes. For example, the classic BAR
domain family members have convex
inter-dimer angles and create inward pro-
trusions of the membrane during endocy-
tosis and the formation of T-tubules.'*?4%
By contrast, the I-BAR family and more
recently, members of the F-BAR fam-
ily have concave inter-dimer angles and
have been shown to be involved in the
creation of outward membrane projec-
tions such as filopodia, lamellipodia and
podosomes.>>173033 This suggests that
the various BAR domain family members
have contrasting effects on membrane
shape and function that correlates with
the shape of the dimer.

A key aspect of BAR domain function
is the ability to functionally link plasma
membrane events to the cytoskeleton. The
actin cytoskeleton provides mechanical
force, in addition to the BAR domain,
necessary to drive cell migration, changes
in the shape of the membrane, cell

www.landesbioscience.com

division and the intracellular trafficking
of vesicles and endosomes. A large num-
ber of the BAR domain proteins contain a
Src homology 3 (SH3) domain, which has
been shown to bind to key actin cytoskele-
tal regulators such as WASP and dynamin
(reviewed in ref. 34). These BAR domain
proteins bind to and dimerize the WASP/
WAVE proteins to activate them and sub-
sequently promote Arp2/3-mediated actin
polymerization.** The BAR domain
proteins arfaptin and IRSp53 have been
shown to interact with the GTPase Rac
and are required for the correct activation
of the GTPase and the formation of filo-
podia respectively.!*'>3%37 Similarly, the
Toca family has been shown to be involved
in the recruitment of WASP and dynamin
in the case of endocytosis, and for the
activation of the GTPase Cdc42.73>38
These finding suggest that many of the
BAR domain proteins are key regulators
in fundamental regulatory networks that
coordinate the interplay between extracel-
lular signaling, BAR-mediated membrane
deformation, downstream signaling and
cell motility.

BAR Proteins as Positive
Regulators of Endocytosis

Directed cell migration uses local endocy-
tosis and recycling of guidance receptors
to amplify signaling to the cytoskeleton
and provide for directionality. Endocytosis
and the intracellular transport of endo-
somes and vesicles involved three major
steps: (1) the internalization of cargo
through the bending and deforming of
the membrane, (2) pinching off of the
newly formed vesicle from the overlying
membrane, and (3) subcellular transport
of the cargo to the correct intracellular
compartment. These three well-defined
steps characterize the major points of
regulation by which large molecules from
the extracellular environment are inter-
nalized and correctly directed to specific
intracellular compartments. An emerging
property within BAR domain proteins
is the ability of some classes to promote
endocytosis and others to antagonize it.
Amphiphysins and endophilins, along
with Tuba, have been shown to acts as
scaffolds for actin cytoskeletal regulators
to come together with endocytic proteins
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to promote the internalization of a newly
formed vesicle.?6:3%-4!

The amphiphysin and endophilin fam-
ily of N-BAR proteins play a positive role
in the endocytosis of activated receptor
tyrosine kinases (RTK), as well as in the
recycling of synaptic vesicles.!?224:4243
Both of these proteins bind to key regu-
lators of clathrin-mediated endocytosis,
and have been shown to be crucial for the
proper internalization of activated recep-
tors (Fig. 1A-C). The N-BAR domain
of these proteins has also been shown to
tubulate membranes in vitro.'>?* The in
vitro tubulation results suggest that the
N-BAR proteins regulate the shape of the
endosomal membrane, and by doing so,
regulate the process of endocytosis itself.
After the clathrin-coated pit has formed
and invaginated, N-BAR proteins are
likely to bind to the curved surface of the
early endosome. This membrane binding
contributes to further curvature of the
membrane in order for the membrane to
conform to the N-BAR dimer itself. Yeast
and mammalian cell culture studies sup-
port the idea that dynamin and actin
cytoskeletal regulators are recruited to the
newly formed tubule in order to cause scis-
sion of the membrane and a pinching off
of the early endosome from the membrane
(Fig. 1D). The coating of the neck of the
endosome allows N-BAR proteins to pro-
mote the recruitment of the cytoskeletal
proteins (Fig. 1E). The timing of scission
by dynamin, the creation and elongation
of the neck and the movement provided by
nucleation of actin filaments are all points
at which this highly dynamic process may
be regulated to give a specific molecular
outcome.

Besides N-BAR proteins, some F-BAR
family members also positively regulate
endocytosis.  Loss-of-function  experi-
ments in cell culture confirm the role for
F-BAR proteins FBP-17, CIP4 or Toca-1
in promoting endocytosis of EGF, PDGF
and transferrin.”7?>3%44-4¢ These proteins
all regulate the activity of N-WASP, and
are able to bind to dynamin, N-WASP
and Cdc42 through their respective SH3
domains. It is thought that these proteins
form coats, along with dynamin, that cre-
ate a specific area for tubulation of the
membrane to be linked with the scission
machinery and actin polymerization.
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Another well-studied group of F-BAR
proteins are the syndapins. These pro-
teins contain SH3 domains, and regulate
a number of endocytic events in various
tissues.”* It has also been observed that
syndapins can oligomerize through their
N-terminal coiled-coil domain, and that
this can create a concentrated area con-
taining SH3 domains that would recruit
dynamin and WASP. This in turn creates
an area where the components necessary
for endocytosis are all ready present or
primed for endocytosis to occur.

Even within well-known families
of vesicular trafficking proteins, BAR
domains appear and aid in positively regu-
lating endocytosis. The sorting nexins
(SNX) are a group of proteins responsible
for the correct regulation of intracellular
traffic. To this date, there are 29 SNX
proteins, 8 of which contain a BAR
domain>*%? These proteins are required
to properly sort the early and late endo-
somes to several key subcellular compart-
ments. SNX9 has been shown to localize
to clathrin coated pits, bind to dynamin,
WASP and synaptojanin, all proteins
required for the correct internalization of

endosomes.54%6

BAR Proteins as Negative
Regulators of Endocytosis

Although many of the BAR domain
proteins have been shown to act as posi-
tive regulators of endocytosis and vesicle
trafficking, a growing number of BAR
domain proteins act to inhibit these
processes. One such example of a BAR
domain protein that acts as a negative
regulator is the F-BAR protein PICKI.
PICK1 is a PDZ-containing protein that
binds to a variety of membrane proteins,
including the AMPA receptor subunits
GluR2/3, an interaction that is required
for the proper internalization of the
AMPA receptor.’” PICKI acts to inhibit
Arp2/3-mediated actin assembly, which
has been shown to be required for the
proper organization of the actin cytoskel-
eton in order to establish appropriate mor-
phology in neurons. PICK1 in the absence
of the GluR2/3 cargo, maintains low level
inhibition of actin polymerization, which
prevents the formation of membrane pro-
trusions during F-actin assembly. Upon
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Figure 1. Model for the positive role of BAR domain proteins during endocytosis and vesicle
trafficking. (A and B) Extracellular cargo or receptors activated by ligand binding are targeted to
clathrin-coated pits for internalization. (C) BAR domain proteins are recruited to the clathrin-coat-
ed pits to aid in assembly of the coat proteins and the initiation of endocytosis. The BAR proteins
induce curvature of the membrane, reshaping the pit into a more spherical form. (D) BAR proteins
further reshape the membrane by creating a long tubule between the plasma membrane and the
newly formed vesicle. This newly formed tubule is the site for the action of Dynamin to facilitate
scission of the vesicle from the overlying membrane. (E) BAR proteins also aid in the activation of
the Arp2/3 complex, causing actin polymerization and vesicle trafficking further into the cyto-

NMDA-ligand binding to its receptor,
PICK1-dependent inhibition is increased,
resulting in a loss of the F-actin network
in the area of the newly formed endosome
and allowing the overlying membrane to
invaginate.””

The PACSIN proteins, well-known
cytoskeleton and membrane regulators,
have been recently identified as contain-
ing an F-BAR domain.®® PACSINs have
F-BAR domains as well as SH3 domains,
and have been shown to bind to impor-
tant endocytic regulators such as hun-
tingtin, synapsin 1 and synaptojanin
1.2 PACSIN acts as an adaptor protein
to bring together key regulators of the actin
cytoskeleton to the endocytic machinery.
PACSIN also binds to dynamin, and over-
expression of PACSIN has been shown
to inhibit endocytosis of the transferrin
receptor by interfering with the normal
function of dynamin.®

Another recent example is the BAR-
dependent inhibition of clathrin-mediated
endocytosis of the EGFR and Transferrin
receptors by the I-BAR protein MIM. The
[-BAR proteins MIM and IRSp53 have

been shown to be involved in the formation
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of filopodia.!*33¢:646> Since these proteins
have a BAR domain dimer conformation
that is inverse to the other BAR domain
family members, it is possible that they
might act to inhibit or reduce endocytosis,
cell migration and other processes.”'®3>6
The negative regulation of endocytosis and
the production of outward protrusions cre-
ates a situation in which BAR domain fam-
ily members can act in opposition to one
another with regards to the regulation of
endocytosis, the actin cytoskeleton and the
dynamics of the plasma membrane. Loss-
of-function studies of MIM in both verte-
brate cell culture and in Drosophila in vivo
have shown that the loss of MIM protein
leads to an increase in the internalization
and receptor recycling of both the EGF and
Transferrin receptors.®” Loss of the DMIM
protein in Drosophila border cell cluster
leads to an increase in the mobile fraction
of the underlying actin cytoskeleton, sug-
gesting that under wild type conditions,
DMIM acts to stabilize the cortical actin
cytoskeleton, preventing drastic changes to

cell morphology (Fig. 2A and B).
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Figure 2. FRAP at the leading edge of migrating border cells. dmim is an I-BAR protein in Droso-
phila shown to inhibit endocytosis and regulate the migration of border cells and primordial germ
cells.’” (A) Photobleaching of an early stage 9 Drosophila border cell clusters expressing UAS-
moesin::GFP under 306-Gal4. A 5 um diameter area was ablated at the leading edge (shown in
white brackets) and images were captured at 1 second intervals after photobleaching. Scale bar =
5 um. (B) Quantitation of FRAP time series shows that while there is only a slight difference in the
rate of recovery, there is a significant difference in the mobile fraction of the mutant border cells
when compared to wildtype and rescue. Data are represented as the mean + SEM from 5 separate
time series for each genotype. (*p < 0.01, t-test).

BAR Domain Competition

With the emerging theme of both posi-
tive and negative endocytosis regulators
within the BAR family, how different
BAR domain classes interact is needed
to fully appreciate the functions these
proteins. The structures of the indi-
vidual BAR domains suggest that while
the N- and F-BAR domain proteins cre-
ate inward tubules and invaginations in
the membrane, the I-BAR members cre-
ate outward projections. These opposing
structures and subsequent membrane for-
mations lead to the intriguing possibility
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that proteins within the BAR domain
superfamily regulate the precise timing
and coordination of protein/membrane
complexes through antagonism with one
another. Since the BAR proteins appear
to bind to similar cytoskeletal substrates
in many cases, competition between BAR
domain proteins over the same critical
substrate could lead to the positive or neg-
ative regulation of a cellular process based
on the status of the binding partner(s) to
which the particular substrate binds.

A recent example of competition
between two BAR domain proteins
is seen in the interaction between the
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N-BAR protein endophilin and the - BAR
domain protein MIM for cortactin as a
substrate.”* MIM binding to cortactin
prevents binding to endophilin, which
acts as a positive regulator and initiator
of the internalization of activated EGFR.
Competition with endophilin appears to
underlie MIM function as a negative regu-
lator of endocytosis, and allows MIM to
attenuate the downstream activation of
EGEFR substrates. This competition has
been implicated in the regulation of direc-
tional cell migration both in vertebrate
cell culture and in vivo in the migration of
the Drosophila border cell cluster.”’

The between BAR
domain proteins BAR
domains and other lipid binding proteins
may not only affect the morphology of

competition

or between

the plasma membrane, but may affect
the kinetics of downstream signaling
events dependent on intracellular traffick-
ing and correct subcellular localization.
Several studies have shown that proper
endocytic recycling and trafficking is cru-
cial for the activation and activity of the
small GTPase Rac, and that this process is
required during cell migration for the spa-
tial restriction of signaling at the leading
edge of the migrating cell.>*7°72 The idea
of competition between two BAR domain
proteins creates a situation in which dif-
ferential binding of a shared substrate
could directly result in the correct spatial
restriction of signaling events, changes in
membrane morphology and cell motil-
ity in the correct direction. The migra-
tion of the Drosophila border cell cluster
is a good example of a biological system
dependent on the precise regulation of
receptor activation and signaling through
the endocytic machinery in order to medi-
ate proper directed cell migration.”>7
From these studies, we propose two
possible models by which competition
between BAR domain proteins may reg-
ulate several key biological processes to
affect directional cell migration. The first
model is by which I-BAR proteins create
membrane domains that dictate spatial
limitations on receptor activation and
internalization (Fig. 3A and B). BAR pro-
teins may create specific areas along the
plasma membrane that either allow for or
inhibit the local activation of RTK signal-
ing, and thus the downstream signaling of
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those pathways. It is the external stimuli
that offsets the symmetry present between
the sets of BAR domain proteins, and
allows for polarization of the membrane,
and the eventual formation of the leading
and lagging edges of the cell. The creation
of such a polarized cell membrane is cru-
cial for the cells to properly migrate in a
specific direction. Another mechanism
by which BAR domain competition may
affect directional migration is through
the regulation of vesicle trafficking and
the subcellular relocalization of various
factors (Fig. 3C). This model, used by
sorting nexins to regulate intracellular
trafficking,'>>%%7>  postulates that the
binding of different BAR domain proteins
to the vesicle aid in the correct trafficking
of that vesicle to various compartments
within the cell. Two or more BAR pro-
teins competing to bind to new vesicles
could create a situation in which that
vesicle can be directed to the lysosome for
degradation and inactivation or could be
redirected back to the cell surface during
receptor recycling for increased signal-
ing. Both models suggest a mechanism
by which the competition between BAR
domain proteins for binding to vesicles or
substrates, allows for the precise regula-
tion of directional cell migration.

Future Perspectives

Competition between pairs of BAR
domain proteins competing for common
substrates may underlie other key cellular
processes. An assumption of the model is
that BAR proteins bound to substrate can
exerts either a positive or negative regu-
lation of that process. This competition
also sets up the possibility that functions
of either the positive or negative regulator
can be removed through an external stim-
ulus, such as a guidance cue, to promote
BAR domain
competition also suggest that possibility

endocytosis. Moreover,

of multiple redundant pairs of regulators
controlled by different stimuli. Removal
or overexpression of either the positive or
negative regulator would imbalance endo-
cytosis, resulting in abnormal directional
migration. However, removal of both reg-
ulators leads to compensation by another
pair of proteins and restoration of that
balance and a wildtype phenotype, such
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Figure 3. Proposed models of the mechanism by which BAR domain competition creates an
edge detector for localized signaling events. (A) In this case, BAR domain proteins act to inhibit
endocytosis and signaling across the plasma membrane. Upon ligand binding, activation of the
receptor leads to the inactivation of the negative BAR protein and the relocalization or activa-
tion of the positive BAR proteins. This allows for the spatial localization of receptor activation
and internalization at the point of highest ligand concentration, without inappropriate signaling
events occurring laterally across the entirety of the membrane. This also leads to the creation of
outward cellular projections and cytoskeletal remodeling in the direction of the guidance cue,
leading to correct directional cell migration. (B) In a wildtype state, BAR protein A (purple) acts to
inhibit endocytosis across the plasma membrane. Upon ligand binding and receptor activation,
the inhibition provided by BAR protein A is overridden and internalization of the cargo proceeds.
Internalization of the cargo is aided by BAR protein B (blue). An edge is setup between the two
different BAR proteins such that internalization of the cargo only occurs where BAR protein B is
active and BAR protein A has been inactivated. (C) After internalization of the cargo or activated
receptor, BAR proteins act to specify the subcellular localization of the newly formed vesicle. The
specific subcellular relocalization of that vesicle is dependent on the BAR protein(s) that bind to
the vesicle membrane.
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as that seen where endophilin and MIM
compete for cortactin as a substrate in cell

migration. When both MIM and cor-
tactin are removed, wild type migration

occurs. Future experiments testing the

functions and competition amongst other
BAR domain proteins will determine the
generality of the competition model.
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