p53 beyond region 2 (Fig. 3, B and C), as indi-
cated by pS3Rps expression in region 3 of the
germarium and later-staged egg chambers, where
a substantial increase in the incidence of reporter
activation was observed (Fig. 3C). To test whether
persistent p53 activation is functionally relevant,
we examined animals doubly mutated for p53 and
rad54. p537/7,rad54AA/RU females were sterile,
despite the fact that corresponding trans-allelic
combinations of the single-gene mutants were
fertile (see methods for allele descriptions). Fur-
thermore, severe oogenesis defects, which are not
seen in single mutants, were evident in double
mutants, including abnormal numbers of nurse
cell nuclei (Fig. 3D) and shortened egg lengths
(fig. S5). To test whether genetic interactions
between p53 and rad54 were instigated by meiotic
recombination, we created spoll,p53,rad54 triple
mutants. In these animals, fertility and normal
nurse cell numbers were restored (Fig. 3, D and E),
and defects in egg length were suppressed (fig.
S5). Hence, genetic interactions between p353 and
rad54 required the action of spo/l. Furthermore,
these results indicate that failure to properly
resolve meiotic recombination can lead to sus-
tained and functionally relevant p53 activity.

To determine whether activation of p53 by
meiotic recombination is conserved, we examined
mouse testes with antibodies that specifically
detect phosphorylated p53 at Serl5 (18). In semi-
niferous tubules from wild-type (WT) animals,
p53 was transiently activated in early spermato-
cytes (Fig. 4, A and B). On the basis of nuclear
morphology (described in supplemental methods),
staining appeared to peak between the leptotene
and zygotene stages and disappeared after the
carly pachytene stage. This pattern is consistent
with earlier studies on Spo11 activity (/9) and p53
promoter—driven chloramphenicol acetyltransfer-
ase transgenes in this tissue (20). Staining for
phospho-p53 (Serl5) was absent from testes of
Spol1-deficient mice (Fig. 4, B and C), where
spermatocytes survive through the leptotene and
zygotene stages (27). Therefore, we can exclude
cell loss as a reason for the absence of signal, and,
as in flies, meiotic recombination is necessary to
provoke p53 activation.

‘We demonstrate that a defining step in sexual
reproduction, meiosis, signals a programmed
burst of p53 activation. This activity is stimulated
by the action of Spol1 in Drosophila females (re-
combination does not occur in males) and in mice.
In flies, activation requires the kinase chk2 [which
also has roles later in oogenesis (22)] but appears
to be independent of the ATM and ATR kinases
(fig. S3), suggesting that alternative transducers
could mediate Spo11-dependent activation of pS3.

In mice (Fig. 4), potential functions of Spol1-
mediated activation of p53 are indicated by
altered kinetics of gametogenesis in p53-deficient
mice (23, 24), as well as giant-cell degenerative
syndrome in the testes of p53-deficient males (25)
and implantation defects in females (26). Addi-
tional layers of complexity or redundant activities
conferred by the p63 and p73 paralogs (27, 28)

could obscure conserved functions, because re-
combination appeared normal without p53 (29).
Nevertheless, these findings raise the possibility
that the act of recombination during meiosis may
have been an intrinsic primordial stimulus that
shaped ancestral features of the p53 regulatory
network. Future studies could elucidate whether
p53 directly affects crossover reactions (30) or
imposes quality control on selected gametes.
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FCHo Proteins Are

Nucleators of

Clathrin-Mediated Endocytosis

William Mike Henne,*t Emmanuel Boucrot,t1 Michael Meinecke, Emma Evergren,
Yvonne Vallis, Rohit Mittal, Harvey T. McMahont

Clathrin-mediated endocytosis, the major pathway for ligand internalization into eukaryotic
cells, is thought to be initiated by the clustering of clathrin and adaptors around receptors
destined for internalization. However, here we report that the membrane-sculpting F-BAR
domain—containing Fer/Cip4 homology domain-only proteins 1 and 2 (FCHo1/2) were required
for plasma membrane clathrin-coated vesicle (CCV) budding and marked sites of CCV formation.
Changes in FCHo1/2 expression levels correlated directly with numbers of CCV budding events,
ligand endocytosis, and synaptic vesicle marker recycling. FCHo1/2 proteins bound specifically
to the plasma membrane and recruited the scaffold proteins eps15 and intersectin, which

in turn engaged the adaptor complex AP2. The FCHo F-BAR membrane-bending activity was
required, leading to the proposal that FCHo1/2 sculpt the initial bud site and recruit the clathrin

machinery for CCV formation.

lathrin-mediated endocytosis is the pro-
cess by which cargo is internalized into
vesicles with the aid of adaptors [such as

the adaptor protein complex 2 (AP2)] and the
coat-protein clathrin (/, 2). Amphiphysins and

sorting nexin 9 probably recruit the membrane
scission protein dynamin to membranes of high
curvature by their N-terminal BAR (Bin/Amphi-
physin/Rvs) domains (3, 4). We investigated the
possibility that membrane-sculpting proteins play
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an early role in invagination even before AP2
and clathrin recruitment. We studied the F-BAR—
containing protein family FCHol/2 [Fer/Cip4
homology domain-only (FCHo) proteins 1 and 2],
whose F-BAR homodimer module can recognize
less extreme curvatures than BAR modules (5-7).
FCHol/2 are ubiquitously expressed (fig. S1, A
and B) and have a twisted shape that is distinct
from the F-BAR dimers of FBP17 and CIP4 (5-7).
The yeast homolog Sypl is recruited early to sites
of actin-dependent endocytosis (8—70). We con-
firmed that FCHo1/2 are localized to clathrin-
coated pits (CCPs) only on the plasma membrane
(PM) (fig. S1, C to F). Furthermore, a FCHo
signal defined where a CCP forms because it was
detected before the visible appearance of clathrin
or its PM-specific adaptor, AP2 (Fig. 1, A and C,
and fig. S2, A and B). The FCHol/2 signal
decreased before the clathrin signal intensity
reached its maximum, but in some rare cases the
FCHo protein did not leave and defined sites
where clathrin returned multiple times, thus
marking endocytic “hotspots” (fig. S2C). In
contrast, FBP17—another F-BAR protein impli-
cated in clathrin-mediated endocytosis (6)—was
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Fig. 1. FCHo1/2 pro-
teins are clathrin/AP2
nucleators. (A) Dynamic
cell-surface localization

FCHo2
clathrin

recruited at later stages to some (3 = 1%) CCPs
(fig. S2E). FCHo2 was detected with cryogenic im-
munoelectron microscopy (cryoimunno-EM) at
early to late stages of CCPs, which is consistent
with live cell imaging kymographs (Fig. 1B). A
complete loss of CCPs was observed when
FCHol1+2 levels were greatly reduced by using
double RNA interference (RNAI) (Fig. 1, C and
D, and fig. S3, A to D) with a concomitant reduc-
tion in internalization of three known cargoes for
clathrin-mediated endocytosis: transferrin (Tf),
low-density lipoprotein (LDL), and epidermal
growth factor (EGF) (Fig. 1E). In the absence of
FCHo proteins, both AP2 and clathrin were
cytosolic. These phenotypes were rescued by an
RNAu-resistant form of FCHo2 (Fig. 1, Cto E, and
fig. S3E) (/7). FCHo1/2 function was not limited
to fibroblasts but was also associated with clathrin-
mediated endocytosis in primary astrocytes and
the recycling of synaptic vesicle markers
(synaptotagminl and synaptophysin) after stimu-
lated exocytosis in hippocampal neurons cultured
for 4 days in vitro (fig. S4). Overexpression of
FCHol or FCHo2 led to a dramatic increase in
CCP density. This increase was not due to slowed or
inhibited clathrin-coated vesicle (CCV) budding [as
with epsinl overexpression (fig. S5B) or dynamin
inhibition by dynasore (/2)] because CCPs were
dynamic (increased nucleation rate) and func-
tional (increased Tf uptake) during FCHol or 2
overexpression (Fig. 1, F to H, fig. S5, and movie
S1). Because CCP numbers directly correlate with
FCHol/2 levels, FCHo proteins appear to act as
CCP nucleators.
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Nucleation rates (number of new CCPs per 10* um?/s) in cells treated with scrambled RNAi (Ctrl),
RNAi against FCHo1 (1), FCHo2 (2), FCHo1+2 (1+2), or rescue (R). (E) Clathrin ligands, Tf EGF,
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and LDL uptake in cells treated as in (C). (F) Clathrin vesicles (AP2) in BSC1 cells transfected with
0, 1, or 2 pg of untagged-FCHo2 for 2 x 10° cells. (G) Nucleation rate and (H) Tf uptake in cells treated as in (F). Scale bars, 5 um (C and F) and 200 nm (B).
Displayed kymographs were representative (percentage, n = 319 CCPs) (11).

The presence of a membrane-bending protein
early in CCP formation caused us to seek an ex-
planation for how FCHo1/2 recruitment connects
to clathrin recruitment. We looked for FCHo2
C-terminal AP2-u homology domain (WHD) inter-
actors in brain and HeLa cell extracts and found
that the main interaction partners were known
CCP proteins eps15, eps15R, and intersectin 1 and
2 (Fig. 2A and fig. S6, A and B). The interaction
of eps15 with the uHD was direct (fig. S6C) (8)
as was that with intersectin 1. The CCP localization
of eps15 and intersectin was dependent on FCHol/
2 (Fig. 2B). These proteins interact directly with
AP2 but not with clathrin, unlike many other CCV
accessory proteins (2). Epsl5 and intersectin
appearance coincided with that of FCHo2 (Fig.
2C), suggesting that these proteins constitute an
early module for nascent CCP assembly. FCHol/
2 are necessary for CCP formation, and yet their
fluorescent intensity diminished before vesicle
budding (Fig. 1A), just as dynamin intensity in-
creased (fig. S6D). Similarly, the yeast Sypl
intensity decreased as Abpl increased (9, 10). In
purified CCVs, FCHol/2, eps15, and intersectin
levels were reduced as compared with that of total
extracts (Fig. 2D and fig. S6E), which is consistent
with their absence in previous mass spectrometry
studies (/3). Thus, FCHo1/2 initiate CCPs but are
excluded from mature vesicles, with FCHol/2
being primarily PM-associated, which is consistent
with their localization on constricted CCP necks
(Fig. 2E).

RNAI of AP2 leads to a marked reduction in
CCP numbers (/4). Thus, we tested the localization

FCHo2
AP2

150s

e
o

10 §l< 0.0001

nucleation rate
L

=)

Ctrl 1 2 142 R

RNAI

o 150 1W Tf OEGF @ELDL

[ 7 Iy
Ctrl 142 rescue
RNAi

p <0.0001

N
S

°

0o 1 2
ug FCHo2

p<0.0001

0o 1 2
ug FCHo2

4 JUNE 2010 VOL 328 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on June 8, 2010


http://www.sciencemag.org

of FCHo2 in the absence of AP2. Although AP2
puncta were largely missing, FCHo2 puncta at the
PM remained and still colocalized with eps15 and
intersectin (Fig. 2G and fig. S7A). The FCHo2-
uHD interactions were also AP2-independent in
vitro (Fig. 2F and fig. S7B). In contrast, the lo-
calization of epsin, another membrane-sculpting
molecule that binds clathrin and AP2, was depen-
dent on the presence of AP2 (fig. S7C). An alter-

native strategy to disrupt CCP formation is the
overexpression of the C terminus of AP180, which
binds to clathrin with high affinity (/5). Over-
expression led to an accumulation of AP2 puncta,
which colocalized with FCHo2, epsl5, and inter-
sectin but had no clathrin and were static (fig. S7,
D to F). Thus FCHo2, eps15, and intersectin do not
require AP2 or clathrin to cluster. An eps15/eps15R/
intersectin1/intersectin2 quadruple knockdown af-

A D E | F AP2  y pHD
uHD total PM_CCV o, Ctl RNAI Y K797E
kDa ) Intersectin1 b CHC 200
200w 7 Intersectin2 AP2 >
- -
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1163 ~ ™ Synaptojanin - - . Syphy | 163 o ! e <
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FCHo2r-K797E cl

Fig. 2. FCHo2 directly binds and recruits eps15 and intersectin to initiate CCP maturation. (A) Pull-down
with GST-FCHo2-uHD and rat brain lysate. Interacting proteins were identified by means of mass
spectrometry. (B) Eps15 and intersectin (ITSN) formed puncta at the PM, colocalizing with FCHo2. In
double FCHo1+2 RNAi cells, eps15 and ITSN were cytosolic (contrast was enhanced so as to show the
diffuse signal); co-expression of RNAi-resistant FCHo2 (FCHo2r) rescued PM-targeting (Rescue). (C)
Kymograph of CCPs (percentages indicate how representative the displayed profiles are; n = 210 CCPs)
(11) labeled with FCHo2 and Eps15 or ITSN. (D) FCHo2, eps15, and ITSN were CCV de-enriched. Clathrin
(CHQ), AP2, and vesicle marker synaptophysin (Syphy) displayed enrichment in CCV fractions (CCV).
FCHo2 and ITSN were PM enriched. IB, immunoblot. (E) Cryoimmuno-EM of GFP-FCHo2 localized it to the
CCP neck. Bar graph shows gold-particle density in the upper and lower half of constricted CCPs (P <
0.01). (F) Pull-downs with GST-uHD from (left) scrambled or (right) AP2 RNAi—treated Hela cells. Eps15
and ITSN bands were visible in both (arrows). (G) Upon AP2 depletion (u2 RNAi), 62-GFP (another AP2
subunit) was cytosolic (contrast was enhanced so as to show the diffuse signal), but Eps15 and ITSN still
colocalize with FCHo2 at the PM (arrows). (H) FCHo2 and AP2 (52-GFP) puncta disappeared under Eps15 +
Eps15R + ITSN1 + ITSN2 quadruple RNAi. AP2 became cytosolic (diffuse signal), whereas FCHo2
remained at the PM (inset). (I) In FCHo1+2 RNAi cells, RNAi-resistant FCHo2-K797E (FCHo2r-K797E)
bound to the PM (arrows) but did not cluster nor rescue CCP formation, as reported by means of RFP-LCa
(clathrin). In these cells, FCHo1+2 RNAi inhibition of Tf uptake was also not rescued [7.2 + 3.5% of
control uptake (P < 0.0001)]. (J) GST-uHD K797E no longer pulled down the protein bands that are visible
in (A). Green, red, and blue panels indicate GFP-, RFP-, and blue fluorescent protein (BFP)—tagged
proteins, respectively. Scale bars, 5 um [(B), (H), (G), and (I)] and 100 nm (E).
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fected FCHo2 clustering into puncta but not its
PM localization, whereas AP2 was cytosolic (Fig.
2H and fig. S8, A to E). RNAI of Dab2, a uHD
interaction partner that arrives early at CCPs (figs.
S6A and S8F) and that was not enriched in CCVs
(Fig. 2D), did not lead to a reduction in CCPs (fig.
S8, F and G). Thus, eps15 and intersectin cluster
FCHol1/2 to define nascent sites of CCP nucle-
ation. Mutation of K797 in FCHo2 pHD J[a
conserved residue that is equivalent to where AP2-
interacts with AP2-pu in pdb:2VGL (fig. S9A)]
(16, 17) abolished interactions with epsl5 and
intersectins (Fig. 2J and fig. S9B). In the FCHo1+2
RNAI background, K797E did not rescue CCP
formation and Tf uptake and was diffusely located
on the PM (Fig. 2I). Thus, FCHo membrane
recruitment and clustering by eps15 and intersec-
tins initiates CCP maturation with subsequent
recruitment of AP2 and clathrin, leading to coated
vesicle formation..

Functionality of F-BAR domains is mediated
by three distinct properties: membrane binding,
dimerization, and membrane sculpting (5, 6, 18).
To test the importance of each property in FCHo2
function, we designed (i) a chimera to replace the
F-BAR domain with a PM-targeting PH domain,
which dimerizes because of an enhanced green
fluorescent protein (EGFP) tag (19); (ii) a structure-
based mutant of FCHo2 (F38E+W73E), which
should disrupt dimer formation; and (iii) a fluo-
rescently tagged SGIP1, which is a close relative
of FCHo1/2 and a CCP component that has a
C-terminal uHD but no F-BAR domain (20). All
three proteins localized to CCPs in wild-type cells
(fig. S1I0A) but upon depletion of endogenous
FCHo1+2 did not rescue CCP formation (Fig. 3A).
As expected, both the PH chimera and SGIP1
localized to the PM (sometimes in large sheets),
whereas the dimer mutant remained cytosolic. Thus,
the dimeric, membrane-sculpting F-BAR module
is necessary for CCP formation. The region fol-
lowing the FCHo1/2 F-BAR domain (residues 263
to 430) is rich in positively charged amino acids
and has a high homology with the N terminus of
SGIP1 (9). An extended F-BAR module contain-
ing this homology region (F-BAR-x, for “ex-
tended”), showed enhanced membrane binding
and tubulation in vitro (fig. S10, B and C). The
F-BAR-x module co-sedimented preferentially
with liposomes enriched with phosphatidylinositol
4,5-bisphosphate [P1(4,5)P,], helping to explain
why FCHo proteins are PM-targeted (Fig. 3B).
Acute decrease of cellular PI(4,5)P, levels by the
addition of 1-butanol (27) led to acute relocaliza-
tion of FCHo2 to the cytosol (fig. S10D), sup-
porting the role of PI(4,5)P, in the targeting of
FCHo1/2 to the PM. The F-BAR-x module caused
extensive tubulation of PI(4,5)P, liposomes to
high curvatures (from 130- to 18-nm tubules and
many small vesicles) in a protein concentration—
dependent manner (Fig. 3C). Protein density sur-
rounding tubules sometimes exhibited striations
in which the angle correlated with the degree of
membrane curvature (fig. S1I0E and movie S2).
Narrower tubules displayed more oblique angles,
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Fig. 3. Lipid-binding and

Folch
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FCHo1+2 RNAI B +Pi(4,5)P, +Pi(5)P +Pi(3,4)P, +Pi(3,5)P, +Pi(4)P +Pi(3,4,5)P,

abilities are both essential
for CCP formation. (A) Chi-
meric GFP-PLC-PH+FCHo2uHD
(PH-uHD), a dimer interface
mutant GFP-FCHo2(F38E+
W?73E), and RFP-SGIP1 all could
not rescue CCP nucleation—
monitored by following either
clathrin or AP2 fluorescence—
in double RNAi FCHo1+2 cells.
(B) Lipid co-sedimentation
assay of 15 uM F-BAR-x in
presence of 1 mg/mL lipo-
somes: Folch (Avanti brain
lipid), FolchPS (80% Folch
and 20% phosphatidylserine),
or FolchPS +5% of indi-
cated phosphatidylinositols.
Liposome-bound proteins
were pelleted (P) by means
of ultracentrifugation, and
unbound protein remained
in the supernatant (S). (C)
Folch+15%PS+5%Pi(4,5)P,
liposomes incubated with
either 10 or 20 uM F-BAR-x
and spotted onto EM grids
gave mainly tubules of di-
ameters of 50 to 80 nm

PH-uHD

clathrin

F-BAR-x ©

‘tubules’

m

FCHo1+2 RNAI,
FCHo2r FL mutant clathrin

(10 uM) or 18 nm (at 20 uM, most were visibly twisted). (Insets) Enlarge-
ments with protein density striations. (D) F-BAR-x—induced in vivo tu-
bulation. Shown are representative images of “tubules” and “no tubules.” (E)
RNAi-resistant form of full-length FCHo2 (FCHo2r) with membrane-binding
mutation (K146E+K163E) remained cytosolic and could not rescue FCHol/2

and the narrowest ones were twisted (Fig. 3C)
(5, 18). This provides a mechanistic explanation
for the generation of increasing curvature required
for CCP budding and dynamin recruitment. To
test the contribution of membrane sculpting in
FCHo2 function, we mutated two conserved ly-
sines (K146E+K165E) on the concave face of the
F-BAR module as well as a conserved residue
(I268N) associated with a macrophage-induced
autoimmune disease (22) and its interacting res-
idue (L136E) along the F-BAR “wing” (fig. S11,
A and B). As expected, the K146E+K165E mu-
tant displayed reduced membrane binding in vitro
and relocalized to the cytosol, whereas 268N and
L136E mutations did not abrogate membrane
binding but failed to tubulate the PM (fig. S11, C
and D). When placed into full-length FCHo2,
1268N and L136E induced enlarged and static
aberrant CCPs and could not rescue FCHo1+2
RNAi-induced Tf uptake defect (Fig. 3E). Thus,
FCHo2-mediated membrane sculpting is essen-
tial for normal CCP nucleation.

We showed that FCHo1/2 proteins nucleate
CCPs and that AP2 is a later component recruit-
ing clathrin, cargo, and accessory proteins (fig. S12).
We also uncovered a role for membrane sculpting
in the initiation of clathrin-mediated endocytosis.
Thus, curvature generation appears to be funda-
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Tubules yes no no few no
Localization PM cytosol cytosol PM PM
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mental to PM CCV formation from neurons to fi-
broblasts, and FCHol and -2 represent key initial
proteins that ultimately control cellular nutrient
uptake, receptor regulation, and synaptic vesicle
retrieval.
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fig. S10 Supplement for Fig. 3A-C (A) A chimera EGFP-PH-uHD (PH-uHD), an FCHo2 which cannot dimerize EGFP-FCHo2 (F38E+W73E), and
RFP-SGIP1 were all targeted to CCP in normal (non-RNAI treated) cells. SGIP1 was an early component in CCP formation but was not detected before
AP2, as shown on the kymograph of a representative CCP labelled with RFP-SGIP1 (SGIP1) and #2-EGFP (AP2). The displayed kymograph was
representative (percentage). (B) The F-BAR and extended (x) domains acted synergistically to enhance lipid membrane binding. Lipid-protein co-
sedimentation assays of F-BAR-x (1-327), F-BAR (1-262), and x (263-430) proteins with 0.5mg/mL liposomes (see Methods for composition). All proteins
were used at 15uM concentration. Samples were incubated, centrifuged, and separated into pellet (P) and supernatant (S) fractions, and run out on SDS-
PAGE gel electrophoresis. (C) Pi(4,5)P, stimulated membrane tubulation by the FCHo2 F-BAR-x module. 5uM of FCHo2 F-BAR (1-262) or FCHo2 F-
BAR-x (1-327) protein were incubated with Avanti Folch liposomes spiked with either 20% phosphatidylserine (FolchPS) or FolchPS + 5% Pi(4,5)P,
(Folch+Pi(4,5)P,), and evaluated by EM. No tubulation was observed by either F-BAR or F-BAR-x protein on Folch+PS liposomes. Moderate tubulation
was seen by F-BAR protein on FolchPS +Pi(4,5)P, liposomes, and tubules were broad in diameter (70-130nm). The F-BAR-x module produced a higher
degree of membrane tubulation of FolchPS+Pi(4,5)P, liposomes. Scale bars, 200 nm (D) The acute decrease of cellular Pi(4,5)P, by the addition of 2% of
the primary alcohol 1-butanol (S13) induced reversible loss of FCHo2 plasma membrane localization. EGFP-FCHo2 (FCHo2) and RFP-LCa (clathrin),
which colocalize in the cell before treatment, became cytosolic within 1 minute following the addition of 2% 1-butanol, as observed by live-cell imaging.
Following washout of 1-butanol, FCHo2 and clathrin rapidly relocalized to the plasma membrane. During 1-butanol washout, nucleation rate were
transiently higher, as reported earlier (S13). As expected, 2% of the tertiary alcohol t-butanol had no effect (bottom panel). Scale bar, 5 um. (E) A model
indicating how the F-BAR dimer can support both moderate and extreme positive membrane curvature. When the F-BAR dimer orients perpendicular to the
long axis of a membrane tubule, only moderate curvature is generated since the F-BAR dimer is only shallowly curved. If the F-BAR dimers are shifted to
an oblique angle, however, high curvature is generated (see Supplementary Movie S2). This may explain how FCHo2 can localize to relatively flat regions
of the plasma membrane, accumulate, and create the initial dimple of the nascent CCP.



+ liposomes
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fig. S11 Supplement for Fig. 3D-E (A) Structure-based mutations of the F-BAR and extended (x) domains which affect CCP formation and transferrin
uptake (refer to Fig 4D). The lipid binding mutants (K146E+K165E) are located on the concave face of the F-BAR dimer. The dimer interface mutants
(F38E+WT3E) are buried within the dimer core. 1268N lies on the beginning of the extended domain and faces inward into the conserved hydrophobic pocket
along the F-BAR ‘wing’. This mutation is derived from the 1282N mutation is mouse protein MAYP which generates a macrophage-associated autoimmune
disease (S26). L136E is across from 1268N and interacts directly in the hydrophobic pocket. (B) Structure-based mutations scheme on FCHo2. (C) F-BAR-x
mutants that lose tubulation ability still bound to lipid membrane in vitro. Lipid protein co-sedimentation assays with mutant F-BAR-x protein and Avanti
Folch liposomes (+20% PS and 5% Pi(4,5)P,). Protein and liposomes were incubated, centrifuged, and the pellet (P) and supernatant (S) were separated and
run on SDS-PAGE gels. Mutant proteins 1268N and L136E cosedimented with liposomes in amounts comparable to WT protein. (D) An in vivo tubulation
assay to assess mutations that affect membrane sculpting. HeLa cells expressing EGFP-FCHo2 F-BAR (1-272) or F-BAR-x (1-327). The F-BAR domain
alone generated few plasma membrane tubules in HelLa cells when over-expressed, but expressing of F-BAR-x lead to membrane tubulation (see inset).
Mutants attenuate membrane tubulation and lead to a diffuse plasma membrane signal (see insets). Scale bar, 20 pm (E) FCHol/2-depleted BSC1 cells
expressing RNAi-resistant mutants FCHo2 FL (see chart Fig. 3D). Western blots against FCHo2 demonstrate ~80% knockdown of endogenous FCHo2.
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fig. S12 A model for FCHo01/2 proteins as nucleators of CCP formation. FCHo proteins bind to the plasma membrane at sites where CCPs will form.
They recruit the early CCP proteins eps15 and intersectin, which function to cluster FCHo proteins into puncta and generate the initial curvature. As
FCHo protetins and Eps15 (S27) accumulate at the rim of nascent CCP, more extreme curvatures are generated by FCHo proteins as they accumulate

and change their angle on the membrane. Eps15 and intersectin recruit AP2, which can subsequently engage clathrin and additional accessory factors
necessary for maturation of vesicle formation and budding.



Supplementary movies and legends:

Supplementary Movie S1: BSC1 02-EGFP cells imaged for 150 frames at 2s interval using a
spinning-disk confocal. Control (left panel) or transfected (2ug of untagged FCHo2 plasmid,
right panel). The movie was accelerated 10 times. Please note the increased density of CCP with
FCHo2 overexpression.

Supplementary Movie S2: Simulation of membrane bending by multiple F-BAR dimer
modules. The FCHo2 F-BAR module was based on the crystal structure (pdb: 2V0o). The F-
BARs are initially recruited to flat membrane, and as they accumulate, they generate membrane
curvature and shift to support a more extreme membrane curvature by reorienting at an
oblique angle relative to the tubule axis.
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