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Summary

Cell membranesundergocontinuous curvaturechanges

as a result of membrane trafficking and cell motility.
Deformations are achieved both by forces extrinsic to

the membrane as well as by structural modifications
in the bilayer or at the bilayer surface that favor the

acquisition of curvature. We report here that a family
of proteins previously implicated in the regulation of

the actin cytoskeleton also have powerful lipid bilayer-
deforming properties via an N-terminal module

(F-BAR) similar to the BAR domain. Several such pro-
teins, like a subset of BAR domain proteins, bind to

dynamin, a GTPase implicated in endocytosis and ac-
tin dynamics, via SH3 domains. The ability of BAR

and F-BAR domain proteins to induce tubular invagi-
nations of the plasma membrane is enhanced by dis-

ruption of the actin cytoskeleton and is antagonized
by dynamin. These results suggest a close interplay

between the mechanisms that control actin dynamics
and those that mediate plasma membrane invagination

and fission.

Introduction

Cell motility and intracellular membrane trafficking imply
the occurrence of dynamic changes in the curvature of
cell membranes. Studies carried out over the last few
years have suggested a particularly important role in
these changes of soluble cytosolic proteins that can
directly and reversibly interact with the lipid bilayer
(Farsad and De Camilli, 2003; Gallop and McMahon,
2005; Matsuoka et al., 1998; Sweitzer and Hinshaw,
1998; Takei et al., 1998). Some of these proteins deform
membranes by directly penetrating their outer bilayer
leaflet, thus creating an imbalance between the areas
of the two leaflets that results in curvature acquisition
(Farsad and De Camilli, 2003; Ford et al., 2002; Gallop
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and McMahon, 2005; Lee et al., 2005). Other proteins
are thought to bind the bilayer primarily via hydrophilic
interfacial interactions and to deform it via their intrinsic
curvature, or via their property to assemble into curved
scaffolds, often referred to as ‘‘coats’’ (Bi et al., 2002;
Peter et al., 2004; Rothman, 1994; Zhang and Hinshaw,
2001).

BAR (Bin-Amphiphysin-Rvs) domain proteins are
a class of cytosolic proteins with membrane-deforming
properties. The powerful membrane tubulation activity
of these proteins was first identified for amphiphysin
(Takei et al., 1999) and endophilin (Farsad et al., 2001;
Ramjaun et al., 1997; Ringstad et al., 1997), two endo-
cytic and signaling proteins that share similar domain
organization, with an N-terminal BAR domain and a
C-terminal SH3 domain. The BAR domain is the module
that binds and deforms the membrane, often with the
assistance of flanking sequences that enhance mem-
brane association (Lee et al., 2002; Peter et al., 2004).
The SH3 domain mediates interactions with other pro-
teins, primarily the GTPase dynamin and the polyphos-
phoinositide phosphatase synaptojanin (McPherson
et al., 1996; Ramjaun et al., 1997; Ringstad et al.,
1997). Dynamin, also a membrane-deforming protein,
participates in the generation, constriction, and fission
of endocytic vesicle stalks (Hinshaw, 2000; Hinshaw
and Schmid, 1995; Takei et al., 1995). Synaptojanin reg-
ulates the dephosphorylation of a pool of phosphatidy-
linositol 4,5-bisphosphate (PI(4,5)P2) implicated in re-
cruitment of dynamin, other endocytic factors, and
actin (Cremona et al., 1999; McPherson et al., 1996; Sa-
kisaka et al., 1997). Accordingly, major amphiphysin iso-
forms and the endophilins are localized at sites of endo-
cytosis, where they contribute, together with dynamin,
to the generation of membrane curvature at endocytic
pits (Ramjaun et al., 1997; Ringstad et al., 1997; Takei
et al., 1999).

More recently, structural and bioinformatics analyses
have led to the identification of BAR domains in a wide
variety of proteins (Habermann, 2004; Peter et al.,
2004). Although these proteins differ from each other
in domain organization and putative functions, they
share the property of acting at sites of membrane dy-
namics, often at endocytic sites (Salazar et al., 2003;
Soulet et al., 2005). Thus, the membrane-tubulating ac-
tivity of their BAR domains, experimentally confirmed
both in vitro and in vivo in some cases, is likely to play
an important physiological role. An additional shared
feature of many BAR domain proteins is that they play
a direct or indirect role in the regulation of actin dynam-
ics. For example, Rvs167, the homolog of amphiphysin
and endophilin in Saccaromyces cerevisiae, partici-
pates both in endocytosis and actin function in this or-
ganism (Munn et al., 1995). Other BAR domain proteins
contain binding sites or regulatory domains for Rho-
GTPases or other actin regulatory proteins (Habermann,
2004; Peter et al., 2004). Dynamin itself has now been
recognized as a regulator of actin function (Lee and De
Camilli, 2002; McNiven et al., 2004; Orth et al., 2002;
Schafer, 2004). Since growing evidence suggests an
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involvement of actin in the fission reaction of endocyto-
sis (Kaksonen et al., 2003; Merrifield et al., 2002, 2005;
Yarar et al., 2005), the actin cytoskeleton may be an ef-
fector of dynamin in this reaction.

Syndapin/PACSIN is an endocytic and actin regula-
tory protein that binds dynamin, synaptojanin, and
N-WASP via a C-terminal SH3 domain (Modregger
et al., 2000; Qualmann et al., 1999). In addition to this do-
main, syndapin comprises an N-terminal FCH (Fes/CIP4
homology) domain, followed by a coiled-coil (CC) do-
main that shares some homology to the C-terminal half
of the BAR domain, as recognized by its inclusion in
a description of the BAR domain family (Peter et al.,
2004). The FCH domain is present in a variety of pro-
teins, including Nervous wreck (Nwk), WRP, ARHGAP4,
FBP2, the protein tyrosine kinases Fer and Fes, Nostrin,
CD2BP1, the yeast protein Cyk2p (Cdc15p in S. pombe),
and the three closely related proteins Toca-1, FBP17
(Toca-2), and CIP4 (Toca-3) (Aspenstrom, 1997; Carna-
han and Gould, 2003; Coyle et al., 2004; Greer, 2002;
Ho et al., 2004; Li et al., 1998; Lippincott and Li, 1998; So-
derling et al., 2002; Zimmermann et al., 2002). All of these
proteins have been linked to actin by biochemical and/or
genetic and functional studies. Toca-1, in particular, was
identified as a critical factor in the Cdc42- and N-WASP-
dependent activation of actin nucleation (Ho et al., 2004),
and CIP4 and FBP17 are expected to have similar prop-
erties. One of them, FBP17, binds dynamin via a C-termi-
nal SH3 domain and induces plasma membrane tubules
in vivo, thus pointing to another link between FCH do-
main proteins and BAR domain proteins (Kamioka
et al., 2004).

These observations prompted us to carry out a more
systematic comparison between BAR domain- and
FCH domain-containing proteins. Sequence compari-
sons and structural predictions suggested that the
FCH domain, together with the CC region that typically
follows this domain, define a protein module similar to
the BAR domain, which we have named the F-BAR do-
main. BAR and F-BAR domain proteins share functional
similarities, including a powerful membrane-deforming
activity. The ability of BAR/F-BAR proteins to induce
membrane tubulation in living cells is enhanced by dis-
ruption of the actin cytoskeleton with latrunculin and is
counteracted by dynamin overexpression. Furthermore,
reversal of latrunculin-induced tubulation is inhibited by
mutant dynamin. These findings provide evidence for
a link between proteins that deform membranes in en-
docytosis and actin regulatory mechanisms.

Results

The FCH Domain Is Part of a Larger Domain

Multiple sequence alignments of all mammalian FCH
proteins as defined by the SMART database (http://
smart.embl-heidelberg.de) revealed substantial se-
quence similarity not only among the FCH domains,
but also among the adjacent regions, predicted to
have a CC structure (Figure 1A). While identities and
similarities were relatively low for the most distant mem-
bers (16%–18% and 27%–45%, respectively), these en-
tire regions (FCH + CC, w300 amino acids) aligned well
with minimal gaps, and several amino acid positions
were conserved. A secondary structure prediction by
the Jnet program (Cuff and Barton, 2000) suggested
a predominantly a-helical structure for the entire FCH-
CC region. Further analysis aligned this entire amino
acid sequence with the BAR domain and predicted, as
in the case of the BAR domain, three distinct helices
(Figure 1A). Thus, the FCH domain, although defined as
a separate domain in databases, may be part of a larger,
BAR domain-related module that includes the CC region.
Based on these considerations, and supported by other
results discussed in this paper (see below), we propose
the definition of this module as ‘‘F-BAR domain,’’ which
stands for ‘‘FCH and BAR.’’

Domain Organization and Binding Properties

of F-BAR and BAR Domain Proteins
A phylogenetic analysis of F-BAR and BAR domain pro-
teins clearly reveals their relationship (Figure 1B). Inter-
estingly, these two superfamilies share additional simi-
larities besides the presence of these two related
domains (Figure 1C). For example, F-BAR domains,
like BAR domains (Habermann, 2004; Peter et al.,
2004), are often found in proteins that also contain SH3
domains, regulatory modules for Rho family GTPases,
or Rho family binding modules such as HR1 domains.
Some modules, however, such as tyrosine kinase do-
mains, are found only in F-BAR family proteins (Fes
and Fer). In our studies of this protein superfamily, we
concentrated on some of the F-BAR domain proteins
also containing SH3 domains, i.e., the closest homologs
of the founding members of BAR domain proteins.

A main binding partner of most SH3 domains present
in BAR proteins is dynamin. Other binding partners in-
clude synaptojanin and N-WASP (McPherson et al.,
1996; Ramjaun et al., 1997; Ringstad et al., 1997; Salazar
et al., 2003). Likewise, the SH3 domains of two F-BAR
proteins, syndapin (Qualmann et al., 1999) and FBP17
(Kamioka et al., 2004), were previously shown to bind
dynamin. We tested whether this property is shared by
the SH3 domain of other F-BAR domain family proteins.
Indeed, pull-down assays from rat brain with the GST-
SH3 domains of FBP17, CIP4, syndapin, and a GST fu-
sion of the tandem SH3 domains of Nwk1 and Nwk2
demonstrated that the major protein band retained by
all of these domains, as revealed by SDS-PAGE and
Coomassie blue staining (Figure 1D), Western blotting
(Figure S1; see the Supplemental Data available with
this article online), and mass spectrometry of the gel
band (data not shown), is dynamin. A much fainter
band at w75 kDa was identified as N-WASP (Figure S1),
consistent with previous reports (Coyle et al., 2004; Ho
et al., 2004; Kakimoto et al., 2004; Qualmann et al.,
1999; Tian et al., 2000). Variable levels of synaptojanin
were also detected by Western blotting in the bound
material from all proteins (Figure S1). We conclude
that, generally, binding specificities of SH3 domains of
F-BAR and BAR domain proteins are similar. In addi-
tional studies, we focused on syndapin and members
of the Toca-1/FBP17/CIP4 family.

F-BAR Domains Have Powerful Bilayer-Deforming
Activity In Vitro

BAR domain proteins induce massive tubulation of lipo-
somes in vitro (Farsad et al., 2001; Peter et al., 2004;
Takei et al., 1999). We investigated whether this property
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Figure 1. The FCH Domain Is Part of a BAR-like Domain

(A) Multiple sequence alignment of BAR and F-BAR domain proteins. Conserved residues in both domains are highlighted in magenta. The FCH

domain is boxed in red, and its conserved residues are highlighted in gray. Secondary structural elements as predicted from the tertiary structure

of amphiphysin or by the Jnet program with FBP17 sequence are shown above (BAR, blue) or below (F-BAR, red) the alignment. The alignment

was done with ClustalX and was manually refined.

(B) Phylogenetic tree of the BAR/F-BAR domain family. Subfamilies of BAR and F-BAR domains are highlighted in light blue and pink, respec-

tively.

(C) Diagram illustrating domain organization of a subset of BAR and F-BAR domain proteins.

(D) Pull-downs from rat brain cytosol with GST fusions of the SH3 domains of FBP17, CIP4, Toca-1, syndapin 1, Nwk1, and Nwk2. For Nwk pro-

teins, which contain a tandem SH3 domain, both SH3 domains were included in the fusion protein. Coomassie blue staining of the bead fraction

after incubation without and with brain cytosol are shown.
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Figure 2. F-BAR Domains Tubulate Liposomes

(A) Negative staining electron microscopy. Upper panels: Liposomes were incubated with recombinant F-BAR-containing proteins or their iso-

lated F-BAR domains. Lower panels: Liposomes were incubated either with FBP17 or with dynamin alone, or with both proteins together, as

indicated. The presence of both proteins induced the reorganization of the FBP17-only- and dynamin-only-coated tubules into narrow tubules

decorated by a striped coat (with thicker stripes than the dynamin-only coat) reminiscent of the hybrid amphiphysin/dynamin or endophilin/

dynamin coat (Farsad et al., 2001; Takei et al., 1999). The scale bars are 100 nm.

(B) Left: Schematic drawing of the experimental system used to analyze the tubulation of lipid bilayers by differential interference contrast (DIC)

microscopy as shown in the right field. Lipids are spotted in a small chamber between two glass surfaces, dried, and then rehydrated to generate

bilayer sheets, typically composed of a few superimposed layers. Protein-containing solutions are added to the chamber during microscopic

observation. The diagram of a lipid spot before and after application of a tubulating protein. Right: Time course analysis of edges of membrane

sheets (MS) during the incubation with a control protein (top) or with FBP17 (bottom).

(C) Edges of lipid sheets after incubation with CIP4 and syndapin 1 as in (B), demonstrating the presence of lipid tubules.

(D) Liposomes were generated in suspension, then labeled with the fluorescence dye FM2-10 (top) and incubated with FBP17 (middle) or CIP4

(bottom). The scale bars are 5 mm.
is also shared by F-BAR domain proteins. Recombinant
FBP17, CIP4, syndapin, as well as the F-BAR domains of
FBP17 (amino acids 1–284) or CIP4 (amino acids 1–284)
were incubated with liposomes composed of a crude
brain lipid extract (Folch fraction I). Negative staining
electron microscopy of these preparations revealed
that all of these proteins had a powerful tubulating activ-
ity (Figure 2A, upper panels). The diameter of F-BAR-
induced tubules was somewhat variable and dependent
on the experimental conditions (outer diameter between
40 and 200 nm). The polymerization property was sug-
gested to play a role in the lipid-tubulating activity of
BAR domains (Farsad and De Camilli, 2003; Peter
et al., 2004). Interestingly, the F-BAR domain of FBP17,
when incubated alone without liposomes, polymerized
into long filaments (Figure S2).

In the presence of liposomes and dynamin, amphiphy-
sin and endophilin generate narrow tubules of a highly
uniform small diameter with a characteristic striped hy-
brid coat (thick stripes with a pitch of w20.2 6 1.5 mm)
different from the striped coats generated by BAR pro-
teins alone (very thin, tightly apposed stripes) or dynamin
alone (thin stripes with a pitch of w13.2 6 0.5 mm [Farsad
et al., 2001; Takei et al., 1999]). In a similar fashion, when
incubations of FBP17 with liposomes were supple-
mented with dynamin, narrow tubules of a uniform diam-
eter and with a striped coat resembling the amphiphysin/
dynamin or endophilin/dynamin hybrid coat (thick stripes;
pitch of 23.7 6 0.88 mm) were observed (Figure 2A, lower
panels).

The powerful liposome tubulation activity of F-BAR
proteins was confirmed by dynamic light microscopy-
based assays. In a first assay, lipid droplets were first
dried in a small chamber on a glass slide, and then
hydrated to generate large bilayer sheets (Figure 2B).
As shown by differential interference contrast (DIC) mi-
croscopy, the addition of all F-BAR domain proteins
tested in this assay, namely FBP17, CIP4, and syndapin,
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Figure 3. F-BAR Domains Bind to Phosphatidylserine and Phosphoinositides

(A and B) Liposome binding assays. FBP17 and syndapin 1 were incubated with liposomes composed of mixtures of 80% PC, 20% PE plus (with

corresponding reduction in PC) 10% PA, PI, or PS, or variable percentages of PS and were then pelleted. Coomassie blue staining of SDS-PAGEs

of supernatant and pellet fractions are shown.

(C) Quantification of the results shown in (B).

(D) Liposomes were incubated with FBP17 and syndapin as described for (A) and (B), and results were expressed as percentages of bound pro-

tein. Liposomes were composed of either 80% PC and 20% PE (first bar), or by 70% PC, 20% PE, and 10% each of the phospholipids indicated.

(E) Same as in (D), but in all conditions other than the first, 5% PC was replaced by 5% PS, and another 10% PC was replaced by 10% of the

phospholipids indicated.

Error bars indicate standard error of the mean (SEM).
and the isolated F-BAR domains of FBP17 and CIP4 (fi-
nal concentration of 1.0 mg/ml) induced massive forma-
tion of long lipid tubules at the membrane surface (Fig-
ures 2B and 2C). GST, used as a control, did not affect
the shape of the membrane surface (Figure 2B; Movies
S1 and S2). N- and C-terminal truncations of FBP17 re-
vealed that the F-BAR domain (amino acids 1–284),
was the minimal portion of the protein that could induce
a tubulation similar to that induced by the full-length
protein (data not shown). Furthermore, a point mutant
of the FBP17 F-BAR domain (F-BARL7E) did not tubulate,
but still bound liposomes in pull-down assays (data not
shown), thus indicating that lipid binding is not sufficient
for tubulation. In a second assay, proteins were incu-
bated with liposomes (w5–10 mm in diameter) that had
been preadsorbed to a glass slide and were labeled
with the lipophilic fluorescent dye FM2-10. In this assay
as well, all F-BAR domain proteins tested (FBP17, CIP4,
and syndapin) induced formation of long (up to 20 mm)
tubules (Figure 2D and data not shown). In conclusion,
F-BAR domains, like BAR domains, have powerful mem-
brane-tubulating activities.

F-BAR Domains Bind to Phosphatidylserine
and Phosphoinositides

We next investigated the lipid binding profiles of F-BAR
domain proteins. While FBP17 did not bind efficiently
to synthetic liposomes composed of phosphatidyletha-
nolamine (PE) (20%) and phosphatidylcholine (PC)
(80%), the presence of phosphatidylserine (PS), an acidic
phospholipid concentrated at the cytosolic leaflet of the
plasma membrane, strongly promoted binding (Fig-
ure 3A), with a maximal effect occurring at w10% PS
(Figures 3B and 3C). This effect was specific for PS, as
other acidic phospholipids such as phosphatidic acid
(PA) and phosphatidylinositol (PI), or phosphorylated
versions of PI such as PI(3)P, PI(4)P, PI(5)P, PI(3,4)P2,
PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P3, did not potentiate
binding of the PC/PE mixture (Figure 3D). However, in
the presence of PS (5%), PI(4,5)P2 and several other
phosphoinositides enhanced binding (Figure 3E). The
binding properties of CIP4 were similar to those of
FBP17 (data not shown). Syndapin binding was also
strongly and specifically enhanced by PS (Figure 3D),
but with a maximum binding at 20% of PS (Figure 3B).
A plot of the binding efficiency as a function of the molar
ratio of PS in the liposome revealed a sigmoidal curve
with Hill coefficient values of 6.3 for FBP17 and 2.8 for
syndapin 1 (Figure 3C and data not shown). In summary,
these findings indicate a specific interaction between
F-BAR domains and PS that is enhanced by phosphoino-
sitides.

Overexpression of F-BAR Proteins Induces

Membrane Tubulation In Vivo
We next investigated the membrane-deforming proper-
ties of F-BAR domain proteins in living cells. Studies of
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Figure 4. FBP17 and CIP4 Are Localized at Sites of Actin Nucleation

(A) Colocalization of endogenous F-BAR proteins with the actin cytoskeleton. COS-7 cells were fixed and immunostained with anti-FBP17

(green; upper panel) or anti-CIP4 (green; lower panel) antibody and rhodamine-phalloidin (red).

(B) Colocalization of endogenous FBP17 (green) with dynamin 2 (red; upper panel) and cortactin (red; lower panel).

(C) GFP-FBP17 (green; upper panel) and GFP-CIP4 (green; lower panel), when expressed at low levels in COS-7 cells, colocalize with F-actin (but

not with stress fibers), as detected by phalloidin staining (red) after fixation.

(D) Colocalization of FBP17 with endocytic membrane. Time course of intracellular vesicles of a cell transfected with GFP-FBP17 and incubated

for 5 min with FM4-64. Two populations of vesicles are shown: stationary (arrowheads) and mobile (arrow) vesicles, both positive for GFP-FBP17

and FM4-64.

The scale bars are 10 mm in (A)–(C) and 2 mm in (D). Insets in (A), (B), and (C) show the regions boxed by white rectangles at higher magnification.
F-BAR proteins have linked them to the regulation of the
actin cytoskeleton, and to N-WASP- and Cdc42-depen-
dent actin nucleation in particular (Coyle et al., 2004; Ho
et al., 2004; Kessels and Qualmann, 2002). Consistent
with these previous observations, immunostaining of
fixed COS-7 cells for endogenous FBP17 and CIP4 re-
vealed their enrichment in cortical regions of the cell
where they colocalized with F-actin (phalloidin staining),
dynamin 2, and cortactin (Figures 4A and 4B). Similar
results were obtained with low-level expression of GFP-
FBP17 and GFP-CIP4 (Figure 4C). Dynamic color imag-
ing of cells expressing low levels of RFP-FBP17 or RFP-
CIP4 together with GFP fusions of actin, Arp3, and
cortactin revealed that foci positive for F-BAR proteins
were sites from which actin-positive structures nucle-
ated (data not shown). In ruffles, they appeared to
emerge from the edges of the cell periphery, and then
to move centripetally. High-power observation revealed
that these fluorescent structures were often attached to
vacuolar organelles, whose endocytic nature was dem-
onstrated with fluorescent extracellular tracers such as
FM4-64 (Figure 4D).

However, when expressed at higher levels, not only
GFP-FBP17, as previously reported (Kamioka et al.,
2004), but also GFP-CIP4 and to a lower extent GFP-
Toca-1 induced membrane tubulation (Figure 5A and
data not shown) that was similar to that induced by BAR
proteins, such as amphiphysin (Lee et al., 2002; Peter
et al., 2004) or endophilin 3 (see Figure S3). Similar ef-
fects were seen for transfections of their F-BAR do-
mains alone (data not shown). Tubules induced by full-
length proteins were positive for binding partners of the
SH3 domains of these proteins, such as cotransfected
dynamin 2 and synaptojanin 1 as well as for the cotrans-
fected constitutive active form of Cdc42 (G12V) (Figure
5B), which binds the HR1 domain of Toca-1/FBP17/CIP4
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(Ho et al., 2004) (Figure 5B). The continuity of these tu-
bules with the cell surface was demonstrated by their ac-
cessibility to cholera toxin during an incubation on ice
prior to cell fixation (Figure 5B). In cells in which tubula-
tion was prominent, some rearrangement of the actin
cytoskeleton was also observed, with the appearance of
a pool of F-actin (phalloidin-positive) colocalized with
the tubules (Figure 5C).

In view of the interaction of members of the Toca-1/
FBP17/CIP4 family with dynamin, we examined whether
manipulations of their levels affect endocytosis. Indeed,
endocytosis of transferrin was impaired in cells in which
overexpression of any one member of the Toca-1/
FBP17/CIP4 family had produced intense tubulation, in-
dicating a dominant-negative effect (Figure 5D). Further-
more, siRNA-mediated knockdown of FBP17 produced
a significant reduction in the internalization of transferrin
(w67% at 10 min) (Figure 5E). This effect was enhanced
by the additional application of siRNAs specific for CIP4
and Toca-1 (w50% at 10 min) (Figure 5E). This treatment
reduced the levels of CIP4 and Toca-1 as well (Figure 5E,
upper panel).

Membrane Tubulation Is Counteracted by Dynamin

The relation of the F-BAR proteins under study to endo-
cytosis (see above), and the role of dynamin in fission,
prompted us to investigate whether tubulation was af-
fected by manipulations of dynamin function. Analysis
of cells expressing high levels of FBP17, CIP4, and endo-
philin 3—all proteins that induce massive tubulation and
that bind dynamin—revealed that tubulation was much
less prominent, often absent, if dynamin 2 was cooverex-
pressed in these cells (Figure 5F; quantification provided
in Figure S4). This counteracting effect on tubulation was
not observed by coexpression of mutant dynamin 2K44A

(Figure 5F). Furthermore, the inhibitory effect of cotrans-
fected dynamin 2-GFP on FBP17-induced membrane tu-
bulation was not observed in cells coexpressing either
FBP17 lacking its SH3 domain (i.e., the dynamin binding
domain) or the F-BAR domain alone (Figure 5F and data
not shown). As expected, in these cells, dynamin 2 was
not localized on the tubules (Figure 5F).

Membrane Tubulation Is Enhanced by Disruption
of Actin Function

Given the many links of dynamin and of F-BAR proteins
to actin, we also tested whether perturbation of actin
function affected tubulation by these proteins. Cells ex-
pressing low levels of GFP-FBP17, GFP-CIP4, or GFP-
Toca-1—i.e., levels not sufficient to induce membrane
tubulation—were treated with Latrunculin B, an actin
monomer-sequestering agent that blocks fast actin
polymerization (Spector et al., 1983). Strikingly, numer-
ous GFP-positive membrane tubules started to grow
from GFP-positive spots within seconds after the addi-
tion of drug (Figures 6A–6C; Movies S3 and S4). Cytocha-
lasin D (CytD), which binds the barbed ends of actin fila-
ments and blocks their elongation, had the same effects
(datanotshown). Importantly,Latrunculin Balso induced
fluorescent tubules upon expression of GFP-syndapin
(Figure 6B), an F-BAR domain protein that tubulates lip-
osomes in vitro (Figure 2), but did not induce tubulation in
living cells even when highly overexpressed (data not
shown). Interestingly, even in cells not transfected with
any protein, Latrunculin B induced the formation of
some short tubules that were positive for endogenous
FBP17, as revealed by immunofluorescence (Figure 6D).

Similar results were obtained with BAR domain pro-
teins. More specifically, under our experimental condi-
tions, GFP fusions of muscle amphiphysin 2 (M-amphi-
physin 2; Lee et al. [2002] and data not shown) and
endophilin 3 (Figure S3) induced potent membrane tu-
bulation when expressed in COS-7 cells, while GFP fu-
sion of amphiphysin 1 and endophilin 1 did not (data
not shown). However, the addition of Latrunculin B to
cells expressing either one of the latter two proteins pro-
duced the emergence from the plasma membrane of
several tubules enriched in these proteins (Figure 6E
and data not shown; Movie S5).

Cooperation of Dynamin and Actin in Antagonizing
Membrane Tubulation

The effect of Latrunculin B could have at least two main
explanations. Latrunculin may facilitate plasma mem-
brane invaginations by inducing the loss of an actin-
based stabilizing scaffold under the plasma membrane
that antagonizes membrane deformation. Another ex-
planation, not mutually exclusive with the previous
one, is that endocytic invaginations may not undergo fis-
sion, and may thus undergo elongation into tubules, due
to a requirement for actin in fission.

To gain some insight into the role of impaired fission in
the Latrunculin effect, we investigated whether the an-
tagonistic action of dynamin overexpression on F-BAR
protein-induced tubulation was affected by this drug. In-
deed, Latrunculin B blocked the antagonistic action of
dynamin 2-GFP on F-BAR-dependent membrane tubu-
lation and promoted tubules formation even in cells ex-
pressing high levels of dynamin 2 (Figure 7A; Movie S6).
These tubules were positive both for dynamin and for
the F-BAR protein. Conversely, washout of the drug
from these cells led to the rapid disappearance of the tu-
bules (Figure 7B; Movies S7A and S7B). In contrast, tu-
bules generated in cells expressing dynaminK44A plus
FBP17 did not undergo substantial changes (Figure 7B;
Movie S8). Close inspection of tubule dynamics during
their disappearance revealed ‘‘beading’’ and clear ex-
amples of fission (Figure 7C; Movies S7B, S9, and S10),
in addition to progressive tubule collapse (Figure 7C;
Movie S11). Collectively, our results demonstrate that
dynamin-dependent fission plays a direct, although
not exclusive, role in the negative control of overex-
pressed dynamin on membrane tubulation, and that dy-
namin acts in close concert with actin.

Discussion

This study reveals shared properties of members of
a protein family that previous studies have shown to
play an important role in the regulation of actin nucle-
ation (Aspenstrom, 1997; Carnahan and Gould, 2003;
Coyle et al., 2004; Greer, 2002; Ho et al., 2004; Li et al.,
1998; Lippincott and Li, 1998; Soderling et al., 2002; Zim-
mermann et al., 2002). The defining feature of these pro-
teins is the presence at their N terminus of a protein
module, the F-BAR domain, which we show to be part
of a special branch within the phylogenetic tree of BAR
domains. We have focused here on some members of
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Figure 5. Effects of Manipulations of F-BAR Protein Expression on Membrane Tubulation and Endocytosis; Antagonistic Effect of Dynamin on

Tubulation

(A) Fluorescent images of COS-7 cells that express high levels of GFP-FBP17 and GFP-CIP4, demonstrating the prominent membrane tubulation

produced by these proteins.

(B) Details of cells cotransfected with GFP/RFP fusion proteins and Myc-tagged proteins, which have been fixed and processed for immunoflu-

orescence analysis, are shown. Accessibility of the tubules to the extracellular space was demonstrated by incubation of cells with Cholera Toxin

B-Alexa594 (CTX) on ice for 10 min followed by washing and fixation.

(C) Partial colocalization of actin with CIP4-induced tubules. Cells were transfected with GFP-CIP4, and F-actin was visualized after fixation with

phalloidine-Texas red.

(D) Overexpression of members of the Toca-1/FBP17/CIP4 family impairs endocytosis of transferrin. COS-7 cells were transfected with the

indicated GFP fusion proteins and incubated with Transferrin-Alexa594 for 10 min. After washing, cells were fixed and inspected by using fluo-

rescence microscopy.
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this protein family that bind dynamin. Like proteins with
BAR domains, these proteins have membrane-deform-
ing properties. Their intrinsic ability to induce tubular in-
vaginations of the plasma membrane is antagonized by
dynamin. This action of dynamin, which includes fission
of the tubules, in turn requires the actin cytoskeleton,
suggesting an important interplay of this GTPase with
actin in membrane fission.

F-BAR Domains and BAR Domains

Portions of the F-BAR domain had been previously de-
fined as distinct protein modules. The N-terminal part
had been defined as the FCH domain, and the C-termi-
nal part, predicted to have a CC organization, had
been defined as the ARNEY domain (Coyle et al.,
2004). The BAR-like structure of the CC subdomain in
syndapin/PACSIN had also been noted (Peter et al.,
2004). However, as we have shown here, the entire
FCH and CC regions can be aligned with BAR domains,
and they are predicted to have a similar secondary
structure. In addition, gel filtration studies have indi-
cated that F-BAR domains, like BAR domains, can
form dimers (our unpublished data). Both F-BAR do-
mains (this study) and BAR domains have a powerful bi-
layer-tubulating activity in vitro and can have strong tu-
bulating activity in vivo. These activities require the
entire F-BAR domain, because constructs that lack the
FCH region could still bind lipids but not tubulate, both
in vitro and in vivo (unpublished data and Kamioka
et al., 2004). In some BAR domains, an amphipatic helix
at the N-terminal side of the crystallographically defined
BAR domain is thought to play a role in membrane tubu-
lation (Farsad et al., 2001; Peter et al., 2004). While a sim-
ilar helix may be present in some F-BAR proteins (our
unpublished data), a clear definition of this issue awaits
further structural studies.

F-BAR domain binding to phospholipid bilayers re-
quired the presence of the acidic phospholipid PS and
was enhanced by phosphoinositides. Binding to PS
was also observed for the BAR domain of amphiphysin
(Takei et al., 1999), although the specificity of this re-
quirement was not addressed for BAR proteins. Binding
of F-BAR domains to PS-containing bilayers appeared
to be multivalent, which may reflect either multiple bind-
ing sites for PS in the F-BAR domain or F-BAR domain
oligomerization, as occurs for BAR domains. In fact,
we observed F-BAR domain polymerization into fila-
ments. This mechanism may be important, because
the multimerization of the F-BAR domain was shown
to correlate with its membrane-tubulating activity in vivo
(Kamioka et al., 2004). PS was reported to be enriched
in raft fractions of the plasma membrane (Pike et al.,
2002), where Rac1 and Cdc42 GTPases also accumulate
(del Pozo et al., 2004). Since F-BAR proteins bind and/or
regulate Rho family GTPases (see below), PS and Rho
family GTPases may have synergistic function in the
context of F-BAR domain protein biology. The additional
increase in bilayer binding produced by phosphoinositi-
des, including PI(4,5)P2, is consistent with the role of
PI(4,5)P2 in the binding of endocytic factors and actin
regulatory proteins to the plasma membrane (Wenk
and De Camilli, 2004).

F-BAR/BAR Domain Proteins Are Part of an Actin
Regulatory Network Linked to Endocytosis

The domain organization and protein interactions of
F-BAR and BAR domain proteins reveals several com-
mon themes, in addition to the presence of a lipid bilayer-
deforming module. Several BAR domains and F-BAR pro-
teins bind small GTPases or contain regulatory modules
for these enzymes, strongly suggesting their cooperation
with small GTPases in the control of cellular processes
that function at the membrane-cytosol interface (Haber-
mann, 2004). One of these processes is the regulation
of actin. In the case of the F-BAR proteins studied here,
a particularly important link occurs with Cdc42 and with
N-WASP (Coyle et al., 2004; Ho et al., 2004; Kakimoto
et al., 2004; Qualmann et al., 1999; Tian et al., 2000), two
proteins shown to participate in at least some form of en-
docytosis (Benesch et al., 2005; Garrett et al., 2000; Inno-
centi et al., 2005; Sabharanjak et al., 2002).

Another recurrent theme in a subset of BAR and
F-BAR domain proteins is the presence of SH3 domains
with similar binding specificities and preferences. The
main interactors of BAR domain proteins are dynamin
and synaptojanin, but at least some of them, such as
Rvs167 in yeast (Bon et al., 2000) and Tuba in mammals
(Salazar et al., 2003), also bind N-WASP/WAVE family
members. Conversely, we show here that several
F-BAR domain proteins previously shown to bind
N-WASP via their SH3 domains, for example Toca-1
(Ho et al., 2004), CIP4 (Tian et al., 2000), and Nwk (Coyle
et al., 2004), also bind dynamin and synaptojanin. All of
these interactors participate in actin regulation and en-
docytosis. N-WASP is a major regulator of Arp2/3-medi-
ated actin nucleation and is found at sites of endocyto-
sis (Benesch et al., 2005; Merrifield et al., 2004).
Synaptojanin regulates actin and endocytic proteins
via its PI(4,5)P2 dephosphorylating activity (Gad et al.,
2000; Rusk et al., 2003; Sakisaka et al., 1997; Van Epps
et al., 2004). Dynamin has a well established role in en-
docytosis (Koenig and Ikeda, 1989; Praefcke and McMa-
hon, 2004; Sever, 2002; Sweitzer and Hinshaw, 1998;
Takei et al., 1998), but has also been proposed to func-
tion as an actin regulatory protein (Lee and De Camilli,
2002; Orth et al., 2002; Schafer, 2004). Consistent with
these observations, we showed that both overexpres-
sion and knockdown of proteins of the Toca/FBP17/
CIP4 family impaired clathrin-mediated endocytosis of
transferrin.
(E) Impaired transferrin endocytosis after knockdown (KD) of members of the Toca-1/FBP17/CIP4 family. Transfection of siRNAs as indicated

into HeLa cells produces significant downregulation of the corresponding target proteins (Western blot). SiRNA-treated cells were subjected

to a transferrin-biotin based endocytosis assay as described in Experimental Procedures. Control represents HeLa cells treated with scrambled

FBP17 siRNA. Error bars indicate standard error of the mean (SEM).

(F) GFP-FBP17-induced tubulation is antagonized by cooverexpressing dynamin 2. COS-7 cells were cotransfected under the same conditions

with GFP-FBP17 or FBP17 lacking its SH3 domain (GFP-FBP17DSH3) and either dynamin 2 wild-type or dynamin 2K44A. Representative pictures

are shown.

The scale bars in (A), (B), the left and middle panels of (C), (D), and (F) are 10 mm, and the scale bar in the right panel of (C) is 5 mm.
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Figure 6. Inhibition of Actin Polymerization Induces Membrane Tubulation by F-BAR and BAR Proteins

(A) COS-7 cells were transfected with GFP-FBP17 (low level expression) and then imaged before and after the addition of Latrunculin B (1 mM).

Note the emergence of fluorescent tubules after Latrunculin B addition at the zero time of the bottom row.

(B) Same as in (A), but with cells transfected with GFP-Toca-1 and GFP-syndapin.

(C) Number of tubules and total tubule length, as a function of time, in a representative cell expressing GFP-Toca-1 and exposed to Latrunculin B.

(D) Immunofluorescence for endogenous FBP17 in a cell exposed to Latrunculin B for 2 min.

(E) Same as in (B), but in a cell expressing amphiphysin 1-GFP. Numbers indicate elapsed time in seconds.

The scale bars are 2 mm in (A) and 5 mm in (B), (D), and (E).
BAR/F-BAR Proteins, Actin, and Fission

Our results provide new evidence for a role of BAR super-
family proteins in membrane deformation at the cell sur-
face and in recruiting dynamin, a critical factor in the fis-
sion reaction of endocytosis. In addition, they point to an
interplay between dynamin and the actin cytoskeleton in
the fission reaction. Our study suggests that the forma-
tion of tubular invaginations of the plasma membrane
could be the result of a balance between the bilayer-
deforming and curvature-sensing properties of some
membrane-associated proteins and at least two major
mechanisms that counteract tubulation. One such coun-
teracting mechanism is accounted for by dynamin, most
likely because of its property to sever membrane tu-
bules. Overexpression of dynamin prevents tubulation
while dominant-negative dynamin allows tubulation to
occur. The other counteracting mechanism is accounted
for by the actin cytoskeleton, as indicated by experi-
ments with Latrunculin B. Decreased membrane rigidity
due to loss of the plasma membrane-associated actin-
based cytoskeleton is likely to contribute to the tubule
growth observed after Latrunculin B treatment. How-
ever, at least some of the actions of Latrunculin B may
be due to an indirect effect on dynamin function. Thus,
Latrunculin B blocked the antagonizing effect of dyna-
min overexpression on tubule formation, and such an ef-
fect was rapidly reestablished in cells expressing wild-
type, but not mutant, dynamin-GFP after drug washout.
In fact, this reversal of tubulation provided a striking vi-
sual demonstration of the role of dynamin in fission in
a living cell. We conclude that the function of dynamin
and actin are tightly interconnected. More generally,
our study demonstrates a critical functional relationship
between factors that control plasma membrane curva-
ture and fission and factors implicated in actin dynamics.

Experimental Procedures

Antibodies and Reagents

Polyclonal anti-FBP17 antibody was raised by immunizing rabbits with

full-length FBP17 recombinant protein and was affinity purified. Poly-

clonal anti-synaptojanin 1 antibodies were described previously

(McPherson et al., 1994). Anti-Toca-1 antibody was a kind gift from

Marc Kirschner (Harvard Medical School). The following antibodies

werepurchasedfromcommercialsources:monoclonalanti-dynamin1

(hudy-1) from Upstate (Waltham, MA), polyclonal anti-N-WASP from

Santa Cruz Biotechnology (Santa Cruz, CA), monoclonal anti-Myc

from Sigma,monoclonal anti-CIP4 from BD Transduction Laboratories

(San Jose, CA). Latrunculin B and cytochalasin D were purchased from

Calbiochem (San Diego, CA). All fluorescent reagents (FM2-10, FM4-

64, andAlexaFluor-488-and AlexaFluor-594-conjugatedgoatanti-rab-

bit or anti-mouse secondary antibodies) and Biotin-conjugated trans-

ferrin were purchased from Molecular Probes (Eugene, OR). Bovine

brain lipid extract as well as purified phospholipids (PI, PA, PS, PE,

PC) were purchased from Sigma. Brain polar lipid was purchased

from Avanti Polar Lipids (Alabaster, AL). Phosphoinositides were pur-

chased from Echelon Biosciences (Salt Lake City, UT).

DNA Constructs

Unless described otherwise, each cDNA fragment was subcloned

into one of the following vectors: pGEX6P-1, 2 (Amersham Bio-

sciences, Piscataway, NJ), pEGFP-N1, C1, or pMyc-CMV (Clontech,

Mountain View, CA). cDNAs encoding human FBP17, CIP4, and
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Figure 7. The Antagonistic Effect of Dynamin

2 on Tubule Formation Is Abolished by the

Addition of Latrunculin B and Is Reestab-

lished after Washout of the Drug

(A) Latrunculin B (1 mM) was added to cells

cotransfected with RFP-FBP17 and dynamin

2-GFP, and tubule growth was monitored by

using fluorescence video microscopy. La-

trunculin B-induced tubules are positive for

both proteins. The lower panel shows the

area enclosed by a rectangular in the upper

panel at high magnification.

(B) COS-7 cells were transfected with Myc-

FBP17 and either dynamin 2-GFP (upper

panel) or RFP-FBP17 and dynamin 2K44A-

GFP (lower panel) and incubated with Latrun-

culin B for 30 min. After the washout of the

drug, cells were monitored by video micros-

copy. The RFP and GFP signals overlapped

throughout the experiment, but only the

GFP signal is shown.

(C) Disappearance of tubules is mediated

by beading, tubule collapse, and fission. The

time course as seen in either the GFP or the

RFP channel is shown. Numbers indicated

time after Latrunculin B washout in minutes.

The scale bars are 10 mm in (A) and (B), and the

scale bar is 5 mm in (C).
endophilin 3 were obtained by PCR from a human brain cDNA by us-

ing primer sets designed on database sequences. The resulting

FBP17 clone corresponded to rapostlin S (Kakimoto et al., 2004),

a splice variant of rat FBP17 that lacks amino acids 330–390. The fol-

lowing constructs were kind gifts: cDNAs encoding human Toca-1

(H-form) (Ho et al., 2004) (from Marc Kirschner, Harvard University,

Cambridge, MA), mouse syndapin 1/PACSIN 1 full-length cDNA in

the pGEX3X vector (from Jan Modregger, our lab), rat dynamin 2

aa-GFP from Mark McNiven (Mayo Clinic, Rochester, MN) (Cao

et al., 1998), rat dynamin 2-RFP and its K44A mutant from Roberto

Zoncu (our lab), GFP-mouse cortactin from Marko Kaksonen (Uni-

versity of Helsinki, Finland) (Kaksonen et al., 2000), GFP-Arp3 from

Dorothy Schafer (University of Virginia, Charlottesville, VA) (Schafer

et al., 1998), Cdc42 (G12V) from Gianluca Cestra (our lab). The fol-

lowing partial constructs were PCR amplified or cut out by restric-

tion enzyme digestion and subcloned into expression vectors:

FBP17 F-BAR domain (amino acids 1–284), FBP17 SH3 domain

(448–556), CIP4 F-BAR domain (1–284), CIP4 SH3 domain (529–

601), Toca-1 SH3 domain (464–547), and endophilin 3 BAR domain

(1–242). The tandem SH3 domains of mouse Nwk1 (485–657) and

Nwk2 (459–620) (Coyle et al., 2004) were amplified by RT-PCR by us-

ing primers based on the sequences of mouse Fchsd1 and Fchsd2,

respectively (Katoh, 2004).

Bioinformatics

Sequence similarity searches were carried out by using the program

PSI-BLAST (NCBI) against the nonredundant database (Altschul

et al., 1997). Fold recognition of F-BAR proteins was carried out by

using the 3D-PSSM server. Multiple sequence alignments were per-

formed by using the program ClustalX (Jeanmougin et al., 1998) and
were subsequently manually refined. Phylogenetic analysis was car-

ried out with the programs protdist and fitch from the Phylip pack-

age (Felsenstein, 1989). A total of 100 iterations were carried out

for tree reconstruction.

Protein Biochemistry

Dynamin was purified from rat brain cytosol as described (Stowell

et al., 1999). GST fusion proteins were bacterially expressed and pu-

rified according to the manufacturer’s instructions. The GST tag was

always removed by on-beads cleavage by using PreScission prote-

ase (Amersham Biosciences, Piscataway, NJ). GST pull-down

assays from rat brains were performed as previously described

(McPherson et al., 1994).

In Vitro Tubulation of Liposomes

Liposome preparation, in vitro tubulation reaction, negative staining,

and electron microscopy were performed as previously described

(Farsad et al., 2001; Takei et al., 1998), but with a modified buffer A

(20 mM HEPES-NaOH [pH 7.4], 100 mM NaCl, 1 mM MgCl2, 1 mM

DTT). For live imaging of tubulation, the reaction was carried out in

a small chamber as described (Roux et al., 2002). Liposomes (brain

lipid extract, 1 mg/ml) were premixed with recombinant protein

(1 mg/ml), injected into the chamber, and visualized by 10 mM FM

2-10.

In Vitro Tubulation of Flat Membrane Sheets

Glass coverslips (22 mm3 40 mm) were cleaned by sonication in 1%

73 (MP Biomed., Germany). After vigorous rinses and sonication in

distilled water to remove any trace of detergent, they were washed

once with 100% ethanol, kept in ethanol, and dried under a N2 flux
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just before use. To generate membrane sheets, two 1 ml droplets of

lipid solution (10 mg/ml Brain Polar Lipid Fraction in chloroform

[Avanti Polar Lipids, Alabaster, AL]) were spotted on each coverslip

and allowed to dry. In order to remove any trace of chloroform, cov-

erslips were further dried under vacuum (0.2 milli-torr) for at least

1 hr, and were eventually kept several days under vacuum. Lipids

were then prehydrated for 20–30 min in an incubator (37ºC, 10%

CO2, 100% humidity), and a small chamber was built by placing

the coverslip over a glass slide with strips of double-sided tape as

spacers (see Figure 2A). Subsequently, lipids were fully rehydrated

by injecting 15–20 ml buffer A containing 0.1 mg/ml casein (C7078,

Sigma, Switzerland) into the chamber. With the chamber mounted

on the microscope stage (Axiovert 200 microscope [Carl Zeiss,

Thornwood, NY]), 5 ml protein solution was injected at one of its

sides. The deformation of membrane sheets into tubules was re-

corded with a TM1400CL camera (JAI PULNiX, Sunnyvale, CA) and

DVR software (Advanced Digital Vision, Natick, MA), which allowed

normal video rate (30 fps) acquisition with high resolution (1300 3

1024) in differential interference contrast (DIC) mode.

Liposome Binding Assay

Liposomes (1 mg/ml) were prepared in 100 ml buffer A, incubated

with 10 mg protein for 15 min at room temperature, and sedimented

by centrifugation at 16,000 3 g for 15 min. Bound and unbound frac-

tions were separated by SDS-PAGE and visualized by Coomassie

staining. Protein bands were quantified by using ImageJ software.

Cell Culture, Transfection, and Microscopy

COS-7 cells (ATCC, Rockville, MD) were cultured at 37ºC and 5%

CO2 in Dulbecco’s modified Eagle’s medium supplemented with

10% fetal calf serum. Transfection was carried out by the Ca2+-

phosphate method, and cells were observed after 16–24 hr. For im-

munofluorescence, cells were grown on coverslips, fixed with 4%

formaldehyde (freshly prepared from parafomaldehyde), and pro-

cessed by standard procedures. For live cell imaging, cells were

grown and transfected on a 35 mm glass bottom dish (MatTek Cor-

poration, Ashland, MA). The medium was replaced with 2 ml Krebs-

Ringer solution (10 mM HEPES-NaOH [pH 7.4], 120 mM NaCl,

4.7 mM KCl, 1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose), and

cells were imaged at room temperature on an Axiovert 200 micro-

scope equipped with a MicroMax CCD camera (Princeton Instru-

ments, Trenton, NJ). Images were collected and converted to AVI

files by using MetaMorph software (Universal Imaging Corporation,

Downingtown, PA). Files were further processed by using VirtualDub

software (http://VirtualDub.org).

siRNA Protein Knockdown and Transferrin Uptake Assay

Small interfering RNAs (siRNAs) were designed by BLOCK-iT RNAi

Designer (Invitrogen; http://rnaidesigner.invitrogen.com/rnaiexpress/)

and synthesized by Invitrogen Corp (Carlsbad, CA). Target sequences

are as follows: FBP17, CCAACCUGAACGAAAUGAAUGAUUA; CIP4,

CGAAGUGGAACAGGCUUACGCCAAA; Toca-1, GCGAGAAGUUGUA

GCAGAAGAAAUG; and control (scrambled FBP17 siRNA), CCAUCAG

CAAGAAGUAAGUACAUUA. HeLa cells were transfected with siRNAs

at day 0 and day 2 according to manufacturer’s instructions, and

knockdown levels were assessed by Western blotting 48 hr after the

second transfection. At the same time point, a transferrin uptake assay

was carried out as described (Buss et al., 2001; Engqvist-Goldstein

et al., 2004). For fluorescent transferrin uptake experiments on Toca-

1/FBP17/CIP4 overexpression, cells were cultured on coverslips and

incubated with Alexa-594-conjugated transferrin (30 mg/ml; Molecular

Probes) for 10 min. After acid stripping, cells were fixed with PFA.

Supplemental Data

Supplemental Data including 4 additional figures and 12 movies are

available at http://www.developmentalcell.com/cgi/content/full/9/

6/791/DC1/.
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