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Background:Membrane curvature generation is essential for dynamin-2-catalyzed membrane fission and vesicle release.
Results:Dynamin-2 binding partnerswith curvature generating activity differentially regulate the assembly,GTPase, and fission
activities of dynamin-2.
Conclusion: Dynamin-2 partners display complex patterns of regulation.
Significance: The distinct functional interactions between dynamin-2 and its binding partners position them to contribute to
the spatio-temporal regulation of clathrin-mediated endocytosis.

Dynamin-2 (Dyn2) is ubiquitously expressed and catalyzes
membrane fission during clathrin-mediated endocytosis in
nonneuronal cells. We have previously shown that Dyn2 ineffi-
ciently generates membrane curvature and only mediates fis-
sion of highly curvedmembranes. This led to thehypothesis that
other endocytic accessory proteins (EAPs) generate curvature
needed to sculpt a sufficiently narrow neck to trigger Dyn2
assembly and fission. Candidates for this activity are EAPs that
bind to the dynamin proline/arginine-rich domain (PRD)
through their SH3 (src homology-3) domains and also encode
curvature-generating BAR (Bin/Amphiphysin/Rvs) domains.
We show that at low concentrations, amphiphysin and endophi-
lin, but not SNX9 or the curvature-generating epsin N-terminal
homology (ENTH) domain, are able to generate tubules from
planar membrane templates and to synergize with Dyn2�PRD
to catalyze vesicle release. Unexpectedly, SH3-PRD interactions
were inhibitory and reciprocally regulate scaffold assembly. Of
the three proteins studied, only full-length amphiphysin func-
tions synergistically with full-length Dyn2 to catalyze vesicle
release. Thedifferential activity of these proteins correlateswith
the relative potency of their positive, curvature-generating
activity, and the negative regulatory effects mediated by SH3
domain interactions. Our findings reveal opportunities for the
spatio-temporal coordination of membrane curvature genera-
tion, dynamin assembly, and fission during clathrin-mediated
endocytosis.

Clathrin-mediated endocytosis (CME)2 is a highly regulated
process orchestrated by a complex proteinmachinery. It occurs
via clathrin-coated pits (CCPs), whose formation is initiated by

adaptor proteins that capture cargo molecules and trigger
clathrin assembly at the plasma membrane. Subsequent
recruitment of endocytic accessory proteins (EAPs) drives the
maturation of a deeply invaginated coated pit (1, 2). The large
GTPase dynamin is recruited to nascent CCPs and regulates
CCP maturation (3, 4). At later stages, dynamin self-assembles
into collar-like structures at the constricted neck of a pit and
catalyzes membrane fission leading to clathrin-coated vesicle
(CCV) release (5, 6).
Dynamin-catalyzed membrane fission can be directly meas-

ured in vitro using SUPER templates (supported bilayers with
excessmembrane reservoir) as amembrane substrate (7, 8) and
by following the release of fluorescently labeled lipid vesicles
either by light microscopy or by a simple sedimentation assay.
Using these assays, we demonstrated that dynamin-1 (Dyn1),
the neuron-specific isoform, alone was sufficient to generate
membrane curvature (i.e. tubulation) in the absence of GTP
and to release vesicles from SUPER templates in a GTPase-de-
pendent manner (7). Although dynamin-2 (Dyn2), the ubiqui-
tously-expressed isoform, can assemble onto curved templates
and catalyze fission, it is much less efficient than Dyn1 in gen-
eratingmembrane curvature and thus catalyzing vesicle release
from planar membranes (9). These results suggest that other
curvature-generating EAPs function upstream to generate the
narrow neck needed to activate Dyn2 for CCV release.
Among EAPs, Bin/Amphiphysin/Rvs (BAR) domain-con-

taining proteins and epsin N-terminal homology (ENTH)
domain-containing proteins have been identified as curvature
generators that can mediate deformation of liposomes in vitro
and induce membrane tubulation when overexpressed in vivo
(10–15). Structural analyses showed that BAR domains form
crescent shaped dimers that bind and assemble into scaffolds
that can impose their intrinsic curvature onto the underlying
membrane (12, 14, 16–18). In addition, the N-BAR domains
of amphiphysin and endophilin contain an N-terminal
amphipathic helix that inserts into the membrane and facili-
tates membrane binding, curvature sensing, and generation
(12, 14, 18–20). In contrast, ENTH domains do not possess
intrinsic curvature but contain an N-terminal amphipathic
helix that inserts into the bilayer resulting in membrane defor-
mation and tubulation at high concentrations (21, 22). How-
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ever, it has been recently suggested that epsin also forms higher
order assemblieswhen bound tomembranes, whichmight con-
tribute to curvature generation (23, 24).
Several BAR domain-containing proteins, including endo-

philin, amphiphysin, and SNX9 also encode SH3 domains and
interact directly with dynamin through its C-terminal proline/
arginine-rich domain (PRD). In vitro studies have shown that
these proteins can also regulate dynamin self-assembly, mem-
brane binding, and GTPase activity (25–31). Thus, these pro-
teins are good candidates for EAPs that could function,
together with Dyn2, to enhance fission. However, recent stud-
ies have suggested that BAR domain protein scaffolds antago-
nize membrane fission by stabilizing curved membranes (32),
whereas hydrophobic insertions by ENTH domains, in the
absence of scaffolding activity, create sufficient membrane
defects to facilitate the reorganization of lipids required to
enable membrane fission. Indeed, this report showed that,
when expressed at high concentrations, epsin can supportCME
in cells depleted of dynamin by siRNA.
Here, we have systematically studied the effects of BAR

domain-containing dynamin binding partners, amphiphysin,
endophilin, and SNX9, as well as epsin, on dynamin-catalyzed
vesicle release fromplanar SUPER templates. Our results reveal
complexity in the functional interplay between dynamin and its
SH3 and BAR-domain containing partners that may reflect a
hierarchy of interactions that combine to regulate curvature
generation and dynamin activity in CME.

EXPERIMENTAL PROCEDURES

Protein Purification—Dyn1, Dyn2, and variousmutants were
expressed from pIEX-6. Constructs were transiently trans-
fected in Sf9 cells as previously described (33) and purified by
affinity chromatography as described previously using glutathi-
one S-transferase (GST)-tagged amphiphysin-II SH3domain as
an affinity ligand (34). Purified dynamin was dialyzed overnight
in 20mMHEPES pH 7.5, 150mMKCl, 1mMDTT, 1mM EGTA,
and 10% glycerol and stored at �80 °C. The endophilin N-BAR
domain and mutant was a kind gift from Naoki Muchizuki
(RIKENHarima Institute, Japan, (14)). Full-length effector pro-
teins (amphiphysin I, endophilin I, and SNX9) and endophilin
N-BAR domain and Epsin 1 ENTH domain were expressed
from pGEX6P. The SH3-domain from amphiphysin, endophi-
lin, and SNX9 as well as the PRD of Dyn1 and Dyn2 were
expressed from pGEX2T. Constructs were transformed into
BL21. Protein expression was induced with 1 mM IPTG at
OD600 �0.7 for 3 h at 30 °C. Proteins were purified following
the manufacturer’s instructions, and the GST tag was removed
with Prescission Protease (GE Life Sciences, Piscataway, NJ)
from constructs expressed from pGEX6P. Proteins were stored
in 50 mM Tris, 200 mM NaCl, and 1 mM DTT and 10% glycerol
at �80 °C.
Preparation of Lipid Templates—For liposomes, lipid mix-

tures (DOPC:DOPS:PIP2 80:15:5) were dried and rehydrated in
buffer (20 mM HEPES, pH 7.5, and 150 mM KCl) to a final con-
centration of 1 mM, and subjected to a series of freeze-thaw
cycles before extrusion through polycarbonate membranes
(Whatman,Clifton,NJ)with a pore size of 1�musing anAvanti
Mini-Extruder. SUPER templates were generated as previously

reported (7, 35), all solutions for their preparation were filtered
through a 0.22-�m filter, and incubations were performed in
low adhesion microcentrifuge tubes (USA Scientific). Briefly,
silica beads (5� 106 silicon oxidemicrospheres d� 4.97�m, or
15 � 106 silicon oxide microspheres d � 2.5 �m Corpuscular,
Cold Spring, NY) were incubated with 20 nmol of 100 nm
extruded liposomes (DOPC:DOPS:PIP2:RhoPE 79:15:5:1) in 20
mMHEPESpH7.5 and 1MNaCl for 5�msilica beads or 200mM

NaCl for 2.5�msilica beads in a final volume of 100�l. Themix
was incubated for 30 min at room temperature. To wash the
templates 1 ml of water was added, and tubes were centrifuged
in a swing-out centrifuge rotor (AllegraTM6RCentrifuge, Beck-
man). 1 ml of supernatant was removed by pipetting, and the
residual 100 �l reaction was mixed with 1 ml of water by gentle
vortexing (medium speed), and washing was repeated four
times.
Vesicle Release from SUPER Templates—All experiments

were performed in low adhesion microcentrifuge tubes (USA
Scientific). To measure vesicle release 5 � 105 of 5 �m tem-
plates or 20 � 105 of 2.5 �m templates were added to buffer
containing 20 mM HEPES pH 7.5, 150 mM KCl, 1 mM MgCl2, 1
mM GTP at a final volume of 100 �l and indicated concentra-
tions of dynamin and effector proteins for 30min at room tem-
perature. During this incubation, templates were allowed to
settle without furthermixing. Templateswere pelleted at 260�
g in a swing-out centrifuge rotor (AllegraTM 6R Centrifuge,
Beckman), and 75�l of the supernatants weremixed with 25�l
of 0.4% Triton X-100 to dissolve vesicles. Total fluorescence of
templates was determined in a separate reaction containing the
same amount of SUPER templates in 0.1% Triton X-100 in 20
mMHEPESpH7.5, 150mMKCl, 1mMMgCl2. Fluorescencewas
measured in a 96 well fluorescent plate reader (Bio-Tek Instru-
ments) and vesicle release is expressed as RhPE released into
the supernatant as percentage of total RhPE fluorescence of
SUPER templates (35). Fluorescence released in the absence of
GTP is subtracted as background.
Fluorescent Microscopy of Protein-SUPER Template Inter-

actions—Assays for fission activity on membrane tethers were
performed in Lab-Tek chambers (Nunc) that had been pre-
incubated for 20 min with 2 mg/ml BSA. These were washed
and 200 �l of 20 mMHEPES pH 7.5, 150 mM KCl, 1 mMMgCl2,
1 mM GTP with an oxygen scavenger system, which was essen-
tial to prevent photo-damage of proteins, that consisted of 50
�g/ml glucose oxidase (Sigma), 10 �g/ml catalase (Roche), 2.5
mM glucose (Sigma), and 1 mM DTT was added. To this, we
added 5 � 105 SUPER templates and allowed them to settle
onto the coverslip. Tetherswere generated by the addition of 20
�m naked silica beads, which were gently rolled over the sur-
face of the SUPER templates through gentle agitation of the
Lab-Tek chamber. Fluorescence imaging was carried out at
room temperature on an inverted Olympus IX-70 microscope
with a 100�, 1.35 NA oil-immersion objective, and equipped
with an ORCA ER CCD camera (Hamamatsu) and 617/73 nm
emission filters for RhPE-labeled membranes. Dynamin or
ENTH domain was added at the indicated concentration to the
corner and allowed to diffuse across the chamber. Curvature
generation experiments were executed as above except that
SUPER templates were allowed to settle in a buffer containing
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0.5 �M dynamin or effector proteins without GTP. Pictures
were taken after an incubation of 10 min at room temperature.
GTPase Activity—GTPhydrolysis by dynaminwasmeasured

as a function of time using a colorimetric malachite green assay
that detects the release of inorganic phosphate (36). Briefly, 0.5
�M dynamin with or without 0.5 �M effector protein were
added to 150 �M 1 �m liposomes in a buffer containing 20 mM

HEPES pH 7.5, 150 mM KCl, 1 mM GTP, and 2 mM MgCl2.
Aliquots were taken at several time points. Free phosphate was
determined using malachite green and rates of hydrolysis were
calculated.

RESULTS

Curvature Generation by the Endophilin N-BAR Domain
Facilitates Dyn2-catalyzed Vesicle Release—We previously
showed that Dyn2 was less effective than Dyn1 at catalyzing
vesicle release from SUPER templates because it was less effec-
tive at generating curvature on planar lipid templates (9). We
therefore tested whether curvature-generating N-BAR domains
might be able to function synergistically with Dyn2 to catalyze
membrane fission. We first studied the well-characterized
N-BAR domain of endophilin. Addition of 0.5 �M endophilin
N-BAR domain to SUPER templates resulted in the formation
of long membrane tubules. These concentrations are signifi-

cantly lower than those used in most liposome tubulation
assays (typically 5–10 �M), attesting to the efficient ability of
endophilin N-BAR to generate curvature and self-assemble
into a protein scaffold on these fluid membrane templates (Fig.
1A). In contrast, the N-BAR-a4 mutant, which bears a flexible
insert that disrupts the rigid BAR domain dimer failed to tubu-
late SUPER templates. Masuda et al. (14) have shown that this
mutant retains its ability to bind to liposomes, but is unable to
generate curvature on these templates.
In the absence of dynamin, even at high concentrations, the

wild-type endophilin N-BAR domain alone was unable to
mediate fission of these tubules or to release vesicles from
SUPER templates (results not shown). Likewise, when assayed
at low concentrations, Dyn2-alone is inefficient at catalyzing
vesicle release (Fig. 1B and Ref. 9). However, together the two
functioned synergistically to efficiently release vesicles when
incubated with SUPER templates (Fig. 1B). The ability of
N-BAR to enhanceDyn2 activity plateaued at�equimolar con-
centrations. N-BAR-a4 did not facilitate dynamin-catalyzed
vesicle release, indicating that curvature generation by the
N-BAR domain was essential for this activity. Vesicle release
absolutely required the GTPase activity of Dyn2: the fluores-
cence released in the absence of GTPwas equal to that released
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FIGURE 1. Endophilin N-BAR stimulates Dyn2-catalyzed vesicle release. A, tubulation of SUPER templates. SUPER templates were dispersed into assay
buffer containing an oxygen scavenger system in the presence of 0.5 �M N-BAR WT or N-BAR a4 for 10 min at room temperature. Images are inverted in contrast
for clarity, and arrows indicate tubules. Scale bar is 5 �m. B, Dyn2 (0.5 �M) was incubated with SUPER templates for 30 min at room temperature with increasing
concentrations of either endophilin N-BAR WT or a mutant deficient in curvature generation, N-BAR a4. Vesicle release was measured by the appearance of
fluorescent RhPE in the supernatant after sedimentation of the SUPER templates. Fluorescence released in the absence of GTP was subtracted as background
(shown are averages � S.D., n � 9). SUPER templates were dispersed into assay buffer containing an oxygen scavenger system and 1 mM GTP. After the
templates had settled, imaging was started and Dyn2 and N-BAR domain were added together to the solution with a pipette to a final concentration of 0.5 �M.
The micrograph shows a field of view before (left panel) and after (right panel) addition of Dyn2 and N-BAR. See supplemental Movie S1 for full sequence. Scale
bar is 5 �m. D, Dyn1 (0.2 �M) was incubated with SUPER templates for 30 min at room temperature without or with 0.5 �M endophilin N-BAR or N-BAR-a4, as
above (shown are averages � S.D., n � 3).
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in the absence of dynamin andwas subtracted as background in
all experiments. The endophilin N-BAR, but not N-BAR-a4,
also functioned synergistically with subsaturating concentra-
tions (0.2 �M) of Dyn1 (Fig. 1D). Again, the ability to support
Dyn1 activity reached a plateau at�equimolarN-BAR,without
evidence of inhibition at higher concentrations of N-BAR
(results not shown).
Vesicle release by Dyn1 can be visualized in real-time by flu-

orescencemicroscopy (7, 8). AlthoughDyn2 alone had very low
activity in this assay, in the presence of wild type N-BAR
domainwe observed the release of both small vesicles and short
tubules, which adsorbed onto the coverslip and were presum-
ably coatedwithN-BAR and/orDyn2 (supplementalmovie S1).
In summary, these experiments show that the curvature gener-
ating properties of theN-BARdomainwork synergisticallywith
Dyn2 to catalyze vesicle release.
Dynamin Requirements for Enhanced Vesicle Release in the

Presence of the N-BAR Domain—We have previously shown
that efficient vesicle release by Dyn1 requires both insertion of
hydrophobic residues located within the variable loops 1 and 3
(VL1 and VL3) of its PH domain (9, 33), as well as its ability to
self-assemble (7, 38) and to trigger coordinated GTP hydrolysis
(39). Recent studies have shown that at high concentrations
(2–4 �M) insertion of the amphipathic helices of epsin’s ENTH
domain or N-BAR domains into the lipid bilayer can alsomedi-
ate vesicle fragmentation (32).Given this observation,we tested
whether the presence of the endophilin N-BAR domain might
relieve the requirement for insertion of Dyn1’s hydrophobic
VL1 loop to catalyze vesicle release. Indeed, the in vitro fission
activity of the VL1/I533Amutant of Dyn1, which is defective in
membrane curvature generation and vesicle release, could be
completely complemented by addition of the N-BAR domain
(Fig. 2A), providing strong evidence that the two proteins can
work cooperatively to catalyze vesicle release. Importantly,
overexpression of Dyn1(I533A) strongly inhibits clathrin-me-
diated endocytosis (33), indicating differences in the in vivo
requirements for CCV release relative to those required for ves-
icle release from SUPER templates. These differences may
relate to membrane tension, relative concentrations of the
Dyn2 and N-BAR proteins, and/or, as described below, differ-
ences in activities of full-length versus truncated N-BAR pro-
teins. Clearly, much more work is needed to fully reconstitute
CCV formation in vitro.

Recent biochemical (39) and biophysical (40) evidence sug-
gests that the minimal unit for efficient dynamin-catalyzed fis-
sion is a two-rung structure. Yet, it has also been suggested that
the scaffolding activity of dynamin, might oppose fission medi-
ated by the amphipathic helix insertions of ENTH (or N-BAR)
domains (32). Thus, wewonderedwhether theminimal unit for
dynamin-catalyzed fissionmight be different when functioning
togetherwithN-BARdomains. To test thiswemeasured vesicle
release from SUPER templates by a fixed concentration of WT
Dyn1 in the presence of increasing concentrations of aGTPase-
defective mutant, S45N, which will co-assemble with WT pro-
tein. We used Dyn1 for these experiments because it efficiently
catalyzes membrane fission on its own. As we previously
reported (39), the fission activity ofDyn1was highly sensitive to
inhibition by the S45N mutant (Fig. 2B), indicating that coor-

dinated GTPase activity of subunits within an assembled
dynamin collar is necessary for efficient fission activity. Under
these subsaturating conditions, addition of the N-BAR domain
stimulates Dyn1-mediated vesicle release (results not shown),
therefore the data are normalized to directly compare the
effects of S45N addition onDyn1 fission activity in the presence
or absence of theN-BARdomain. In the presence of theN-BAR
domain, Dyn1-catalyzed vesicle release is, if anything, more
sensitive to inhibition by S45N (Fig. 2B), indicating that the
need for coordinated GTP hydrolysis between assembled
dynamin rungs remains, regardless of the synergistic effects of
N-BAR domains.
N-BAR Domain Inhibits Dyn2 Assembly-stimulated GTPase

Activity—We next examined the effect on the N-BAR domain
on the GTPase activity of Dyn2 using large (1 �m) liposomes as
pseudo-planar lipid templates. Unexpectedly, Dyn2 assembly-
stimulated GTPase activity was strongly inhibited in the pres-
ence of the N-BAR domain (Fig. 2C). Previous studies have
shown that dynamin-catalyzedmembrane fission is a stochastic
process involving many, apparently futile cycles of assembly/
disassembly driven by GTP hydrolysis (7, 40, 41). While we
cannot directly measure the relationship between GTP hydrol-
ysis and individual membrane fission events, these data suggest
that the presence of the N-BAR domain increases the efficiency
of coupling between dynamin GTPase activity and membrane
fission.
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FIGURE 2. Properties of synergistic N-BAR and dynamin-catalyzed vesicle
release. A, vesicle release catalyzed by 0.5 �M Dyn1-I533A mutant in the
presence of increasing concentrations of the endophilin N-BAR domain
(shown are averages � S.D., n � 4). B, inhibition of vesicle release catalyzed by
either 0.5 �M Dyn1 (squares) or 0.5 �M of both Dyn1 and the endophilin N-BAR
domain (diamonds) by increasing concentrations of the dominant negative
Dyn1-S45N mutant (shown are averages � S.D., n � 4). Fluorescence released
in the absence of GTP was subtracted as background. C, assembly-stimulated
GTPase activity of Dyn2, or Dyn2�endophilin N-BAR measured on 1 �m lipo-
somes at a final concentration of 0.5 �M (shown are averages � S.D., n � 4,
*, p � 0.05).
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Full-length Endophilin and Amphiphysin but Not SNX9
Stimulate Dyn2-catalyzed Vesicle Release—Next, we tested the
ability of full-length dynamin binding partners amphiphysin,
endophilin, and sorting nexin 9 (SNX9) (Fig. 3A), to stimulate
Dyn2-catalyzed vesicle release. Unlike amphiphysin and endo-
philin, which encode N-BAR domains, SNX9 encodes a PX-
BAR domain, known to be less efficient in curvature generation
(42, 43). Consistent with these classifications, full-length
amphiphysin and endophilin efficiently generated long mem-
brane tubules from SUPER templates at submicromolar con-
centrations (Fig. 3B); whereas, SNX9 could not generate mem-
brane tubules (Fig. 3B) even at a concentration of 1.0 �M

(results not shown).
Through direct SH3-PRD interactions, these proteins can

regulate dynamin self-assembly, GTPase activity and mem-
brane binding (25–31). In order to uncouple the effect of cur-
vature generation by their BAR domains from other effects on
dynamin activity, we initially tested the ability of these proteins

to synergizewith truncatedDyn2 lacking its PRD (Dyn2	PRD).
In a concentration-dependent manner, with maximal activity
occurringat equimolar concentrations (Fig. 3C) both amphiphy-
sin and endophilin enhanced Dyn2	PRD-catalyzedmembrane
fission, whereas SNX9 was slightly inhibitory. Their ability to
enhance Dyn2	PRD-catalyzed fission paralleled their relative
abilities to generate membrane curvature on SUPER templates
(Fig. 3B). Similar to the effects of the endophilin N-BAR
domain, amphiphysin, and endophilin inhibited the assembly
stimulated GTPase activity of Dyn2	PRD, whereas SNX9 had
no effect (Fig. 3D).
PRD-SH3 Interactions Inhibit Dyn2-catalyzed Vesicle Re-

lease—The above data show that the efficiency of Dyn2 (or, at
limiting concentrations Dyn1)-catalyzed vesicle release is
enhanced by the curvature generating effects of N-BAR
domains on the planar lipid substrate. To determine whether
the ability of these dynamin partners to regulate other aspects
of dynamin function affects its membrane fission activity, we
next tested the ability of full-length amphiphysin, endophilin,
and SNX9 to synergize with full-length Dyn2 to catalyze vesicle
release. Interestingly, the three dynamin binding partners
affected full-length Dyn2 catalyzed vesicle release in three dif-
ferent ways: amphiphysin stimulated Dyn2-catalyzed vesicle
release, endophilin had no significant effect, and SNX9 was
inhibitory (Fig. 4A). As above, the effects of these binding
partners on dynamin catalyzed vesicle release were inversely
correlated with their effects on dynamin assembly-stimu-
lated GTPase activity (Fig. 4B).
The differential effects of endophilin and SNX9 on full-

length versus Dyn2	PRD, suggest that interactions between
their SH3 domains and Dyn2 PRD inhibit the ability of Dyn2 to
release vesicles. We tested this directly by measuring Dyn2-
catalyzed vesicle release in the presence of increasing concen-
trations of purified GST-tagged SH3 domains from each of the
BAR domain-containing binding partners. Because vesicle
release by Dyn2 alone is relatively low, these experiments were
performed using 1.0 �M Dyn2 (Fig. 4C) and also with 0.5 �M

Dyn1, which on its own could effectivelymediate vesicle release
from SUPER templates (Fig. 4D). As predicted, increasing con-
centrations of endophilin and SNX9 SH3 domains potently
inhibited Dyn2 (and Dyn1)-catalyzed vesicle release (50%
inhibition at a ratio of 0.25 SH3 domains/dynamin). The
amphiphysin SH3 domain was also inhibitory, but at �4-fold
higher concentrations (50% inhibition at a ratio of �1:1 SH3
domain:Dyn2).
Dynamin and Its Binding Partners Reciprocally Regulate

Each Other’s Membrane Tubulation Activities—To gain more
insight as to how PRD-SH3 domain interactions inhibit the
synergistic activity of Dyn2 and itsN-BAR-containing partners,
we performed tubulation assays, which measure the combined
activities of proteins to bind to membranes, generate mem-
brane curvature and, importantly, form long scaffolds on these
planar membrane templates. As described above, both
amphiphysin and endophilin are able to form tubules from
SUPER templates (Fig. 5A). In contrast, when Dyn2 is added to
the incubations in the absence of GTP to prevent fission, no
tubules were detected. Even after amphiphysin has formed
tubules, the addition ofDyn2 in the absence ofGTP causes their
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ation, SNX9 contains a BAR domain adjacent to a phosphoinositide binding
PX domain. CLAP is a clathrin, AP2 binding domain. B, tubulation of SUPER
templates, by 0.5 �M amphiphysin, endophilin or SNX9 assayed as described
in Fig. 1A. Images are inverted in contrast for clarity, and arrows indicate
tubules. Scale bar is 5 �m. C, vesicle release from SUPER templates by Dyn2-
	PRD (0.5 �M) alone or in the presence of increasing concentrations of
amphiphysin, endophilin, or SNX9. Fluorescence released in the absence of
GTP was subtracted as background (shown are averages � S.D., n � 7). D,
assembly-stimulated GTPase activity of Dyn2-	PRD, or Dyn2-	PRD in the
presence of amphiphysin, endophilin, and SNX9 measured on 1 �m lipo-
somes at a final concentration of 0.5 �M (shown are averages � S.D., n � 6. *,
p � 0.001).
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rapid collapse (supplemental movie S2). These effects were
dependent on PRD-SH3 interactions, as Dyn2-	PRD did not
inhibit tubulation by amphiphysin or endophilin. Moreover,
PRD-SH3 interactions alone were sufficient to inhibit the
tubule formation by amphiphysin and endophilin as none were
seen when GST-PRD2 was added to the incubation (Fig. 5A).
Consistent with the weaker inhibitory effect of amph-SH3 on
Dyn2-catalyzed vesicle release (Fig. 4C), �4-fold higher con-
centrations of purified GST-PRD2 were needed to efficiently
inhibit tubulation by amphiphysin compared with endophilin
(2.0�M versus 0.5�M, respectively). These differences probably
reflect differences in the affinity of PRD2 for amphiphysin-SH3
domain and endophilin-SH3 domain and are likely to account,
in part, for the increased ability of full-length Dyn2 to release
vesicles in the presence of amphiphysin as compared with
endophilin (Fig. 4A).
Dyn1, but not Dyn2 will also generate tubules from SUPER

templates when incubated in the absence of GTP (Fig. 5B).
Addition of either amphiphysin, endophilin, or SNX9 (Fig. 5B)
or their isolated GST-SH3 domains (Fig. 5C) prevented the for-
mation of membrane tubules by Dyn1 in these assays. More-
over, addition of amphiphysin caused collapse of preformed
Dyn1-coated tubules (supplemental movie S3). Thus, PRD-
SH3 interactions reciprocally limit the formation of long scaf-
folds of dynamin and its N-BAR domain-containing partners.

The ENTH Domain Does Not Facilitate Dyn2-catalyzed Ves-
icle Release—Epsin encodes an ENTH domain that can also
contribute to curvature generation during endocytosis through
insertion of its N-terminal amphipathic �-helix (21). When
bound to liposomes at sufficiently high concentrations, purified
ENTHdomainswill transform200 nmdiameter liposomes into
smaller �20 nm diameter vesicles and micelles, leading to the
suggestion that the ENTH domain alone can mediate mem-
brane fission (32). When incubated with SUPER templates at
low concentrations (0.5 �M), unlike N-BAR domains, the
ENTH domain fails to generate membrane tubules (Fig. 6A).
However, at higher concentrations (e.g. 10 �M) we observe
released vesicles (Fig. 6A). Vesicle release by ENTH domains
can also bemeasured by sedimentation and occurs in a concen-
tration-dependent manner above a threshold of �1 �M, (Fig.
6B). We also did not observe a concentration dependent
increase in Dyn2-catalyzed vesicle release upon addition of
ENTH domain, indicating that, unlike N-BAR domains, the
ENTH domain did not function synergistically with Dyn2 (Fig.
6C). In contrast to its low ability to release vesicles from planar
SUPER templates, Dyn2 can catalyze fission of curved mem-
brane tethers in a manner similar to Dyn1 (9). Therefore, we
tested whether fission by the ENTH domain might also be cur-
vature dependent. Upon addition of Dyn2 to tethers drawn
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FIGURE 4. Differential effects of Dyn2 binding partners on vesicle release
and assembly-stimulated GTPase activity. A, vesicle release from SUPER
templates catalyzed by 0.5 �M full-length Dyn2 assayed alone or in the pres-
ence of 0.5 �M amphiphysin, endophilin or SNX9. Fluorescence released in
the absence of GTP was subtracted as background (shown are averages �
S.D., n � 6, *, p � 0.005). B, assembly-stimulated GTPase activity of Dyn2
assayed alone or in the presence of the indicated partner measured on 1 �m
liposomes (shown are averages � S.D., n � 6, *, p � 0.01). C, inhibition of
vesicle release catalyzed by 2.0 �M Dyn2 in the presence of increasing con-
centrations of isolated GST-SH3 domains from amphiphysin, endophilin, or
SNX9. Fluorescence released in the absence of GTP was subtracted as back-
ground (shown are averages � S.D., n � 4). D, same as above except incuba-
tions contained 0.5 �m Dyn1 and the indicated concentrations of GST-SH3
domains (shown are averages � S.D., n � 5).
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from SUPER templates, individual fission events can be seen
leaving freely floatingDyn2-coated tubes that can undergo sub-
sequent fission events (Fig. 6D, supplementalmovie S4). In con-
trast, fission was only rarely observed in the presence of ENTH
domain at the same concentration (Fig. 6E, supplementalmovie
S5). At higher concentrations (e.g. 10 �M) fission occurred, but
only one breakage of the membrane was observed upon which
the uncoated or loosely-coated tether rapidly retracted into the
SUPER template (supplemental movie S6). Together these data
suggest that while ENTH domains can mediate fission, they do
so much less efficiently than either Dyn1 or Dyn2.

DISCUSSION

Our systematic analysis of the BARdomain-containing bind-
ing partners of dynamin has revealed a complex set of interac-
tions that regulate the fission, GTPase and scaffolding activities
of Dyn2. We have shown that, although their curvature gener-
ating N-BAR domains synergize with Dyn2 to catalyze vesicle
release, the SH3-PRD interactions are inhibitory. Moreover,
these latter interactions reciprocally regulate the scaffolding
activities of dynamin and its partners. The three dynamin bind-
ing partners we studied, amphiphyisin, endophilin, and SNX9,
differentially effect the ability of Dyn2 to catalyze membrane
fission, which presumably reflects differences in the relative
potency of their positive, curvature generating activities and the
negative regulatory effects mediated by SH3 domain interac-
tions. As previously hypothesized (44), these complex patterns

of regulation might reflect a cascade of functional interactions
that together regulate curvature generation and dynamin activ-
ity during CME.
Our findings on the differential regulation of dynamin activ-

ity by amphiphysin, endophilin, and SNX9 in part overlap with
previous observations and, in part, differ. For example, Farsad
et al. (45) reported that both amphiphysin and endophilin co-
oligomerize with Dyn1 to tubulate liposomes. However, these
experiments were performed at protein concentrations �10-
fold higher than those used in our studies. Consistent with our
findings, this group also reported differential effects of
amphiphysin and endophilin on Dyn1-catalyzed vesiculation
(45). A previous study by this group, also reported that
amphiphysin enhances dynamin-mediated vesiculation of large
liposomes, as measured by dynamic light scattering; however,
they showed that amphiphysin stimulated dynamin GTPase
activity under these conditions (29).We and others have shown
that amphiphysin can inhibit dynamin self-assembly, both in
solution (28), and on lipid templates (31). More recently,
Meinecke et al. (47) reported an interdependence for the
recruitment of dynamin and amphiphysin or endophilin to
giant unilamellar vesicles (GUVs) that required SH3-PRD
interactions. Importantly, these studies focused on recruitment
of proteins to the planar surface of GUVs formed under high
osmotic stress: there was no evidence of tubulation in this sys-
tem with either protein alone or in combination. In contrast,
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the SUPER templates we use carry a large membrane reservoir
and are under low tension (7); hence, they are readily remod-
eled, even by low concentrations of Dyn1, amphiphysin, or
endophilin. Importantly, our studies measure the formation of
long, rigid scaffolds that can generate membrane tubules and
not membrane adsorption, which is likely to still be occurring
under the conditions of our assay. Finally, Meinecke et al. (47)
also reported that both amphiphysin and endophilin func-
tioned together with Dyn1 to catalyze vesicle release from
GUVs. The protein concentrations used in these experiments
(1 �M each) were significantly higher than those required for
synergistic fission activity with Dyn1. Thus, differences
between our results and those reported by others likely reflect
differences in the membrane template and protein concentra-
tions used, and in the nature of the assay and activity being
measured.
We also did not detect differences in the ability of isolated

N-BAR domains versus full-length amphiphysin or endophilin
to generate tubes from SUPER templates, even at sub�M con-
centrations. Others have suggested that BAR domain-contain-
ing proteins are auto-inhibited due to intramolecular interac-
tions (47–52). Consequently, constructs lacking the SH3
domain could bind to and tubulate liposomes or generatemem-
brane tubules more efficiently when overexpressed in cells.
This mechanism is best understood for the BAR domain con-
taining dynamin binding partner syndapin (also known as Pac-
sin) for which auto-inhibition could be released by the interac-
tion of the SH3 domain with the dynamin PRD (50, 53). One
possible explanation for these differences is that the N-BAR
domains are both curvature generators and curvature sensors.
Curved surfaces resulting from fluctuations in the low tension
membrane reservoir present on SUPER templates in vitro or
those generated by other mechanisms in vivo might serve as
membrane templates capable of activating and recruiting
N-BAR domain-containing EAPs (54). Others have suggested
that the curvature sensing and generating activities of dynamin
and N-BAR domains can create positive feedback loops to
enhance membrane tubulation (55).
Two interesting and mechanistically revealing observations

from these studies were the reciprocal relationship between the
effect of amphiphysin and endophilin on dynamin fission versus
assembly-stimulated GTPase activities and the reciprocal reg-
ulation of each others’ scaffolding activities. Shorter scaffolds
would lead to overall decreased rates of GTP hydrolysis, which
depends on inter-rung interactions (56) and may be critical in
facilitating fission activity, because the formation of long scaf-
folds on membrane tubules/CCP necks will inhibit fission (7,
32, 41). Indeed, recent biophysical measurements and model-
ing studies of dynamin-catalyzed fission on small lipid nano-
tubes showed that the optimal fission apparatus consists of a
two-rung dynamin collar (40). The authors suggested that one
role for GTP hydrolysis and accompanying cycles of assembly/
disassembly was to restrict and optimize the size of these short
functional units. We hypothesize that N-BAR-mediated curva-
ture generation and SH3-mediated regulation of assembly
function coordinately to control the length of protein scaffolds
at sites of fission and increase the efficiency of Dyn2-catalyzed
vesicle release. That N-BAR domains, even in the absence of

direct SH3-mediated interactions with Dyn2 also reciprocally
affect fission and GTPase activities, suggest feedback mecha-
nisms between membrane geometry and dynamin activity.
A recent study suggested that bilayer destabilization driven

by the insertion of amphipathic helices of the epsin ENTH
domain drives membrane fission during CME. In this scenario,
the scaffolding activity of dynamin would inhibit fission. GTP
hydrolysis, which triggers dynamin disassembly, would serve to
temporally regulate epsin-mediated fission (32). This hypothe-
sis was based on the following four observations: 1) Knockdown
of epsin impaired CME. 2) Overexpression of epsin, but not
endogenously expressed epsin, could rescue transferrin uptake
in dynamin knock-out cells. 3) Epsin did not rescue transferrin
uptake in cells expressing dominant-negative dynaminmutants
defective in GTP hydrolysis, which form stable assemblies 4)
Epsin binding and integration into 200 nm liposomes in vitro
induced the formation of 20 nm vesicles and/or micelles. We
tested this hypothesis in our SUPER template system and
indeed found that the ENTH domain of epsin could drive ves-
icle release at high concentrations (10 �M). In contrast, Dyn1
alone or Dyn2 in synergy with N-BAR domains mediated vesi-
cle release at sub-�M concentrations. While Dyn2 alone is less
effective at catalyzing vesicle release of planar SUPER tem-
plates, it readily catalyzes fission of membrane tethers (9). The
liposome fission activity of epsin seen with 200 nm liposomes
(32) might also be curvature dependent, as the same group
failed to detect fission of larger, 400 nm liposomes of the same
lipid composition, even at 40�MENTHdomain (21). However,
we did not observe efficient scission of curved membrane teth-
ers by epsin and similar to SUPER templates, epsin-mediated
fission was only observed at high concentrations.
Epsin is a multifunctional protein with multiple protein-in-

teraction motifs. The Drosophila homologue of epsin, Liquid
facets (Lqf), is essential for endocytosis, but its role is complex
as transgenic expression of either the ENTH domain-encoding
N terminus or the remaining cargo and coat-interacting C-ter-
minal regions could rescue endocytosis in Lqf-deficient flies
(57). Genetic studies in yeast have revealed roles for epsins in
recognition of ubiquitinated cargo molecules (58), as a scaffold
for assembly and organization of components of the early endo-
cytic machinery (59) and as a platform for actin assembly (60).
Studies inmammalian cells have suggested a role for epsin as an
adaptor for ubiquitinated cargo (61, 62) and shown that it is
recruited early to CCPs along with other adaptor and scaffold-
ing molecules (63), where it potentially regulates early stages of
CCPmaturation (62). Together, these in vivo findings are more
consistent with a role for epsin at earlier stages of CME.
In addition to the three proteins studied here, dynamin has

numerous other SH3 domain-containing binding partners (e.g.
cortactin, Abp1, Grb2, and intersectin) implicated in clathrin-
mediated endocytosis. The differential effects of amphiphysin,
endophilin, and SNX9 on Dyn2-catalyzed fission suggest the
possibility that a hierarchy of SH3 domain interactions might
regulate Dyn2 function in vivo. In this scenario, weak curvature
generating SH3 domain-containing proteins (e.g. SNX9, inter-
sectin) might function to recruit Dyn2 to CCPs and delay its
assembly, thereby acting as early timers for fission. The in vitro
biochemical properties of amphiphysin suggest that it might
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cooperate with Dyn2 during fission. Endophilin, which does
not affect Dyn2-catalyzed fission in vitro has been suggested to
be recruited late to CCPs and to function in recruiting synap-
tojanin and coordinating uncoating events subsequent to fis-
sion (46). Indeed, there is strong evidence for a temporal hier-
archy of recruitment of BAR and/or SH3 domain-containing
endocytic accessory proteins during CCP maturation (63).
However, given the commonality of protein interaction motifs
involved and because of the necessity of overexpressing fluores-
cently tagged proteins, it is likely that higher concentrations of
one partner might displace others, thereby disrupting and/or
blurring the normal sequence of events. Recent developments
in genome-editing and tagging endocytic proteins at their
endogenous loci in mammalian cells (37), when coupled to
more sensitive methods for detection and tracking (4), should
provide clearer insights into these hierarchical relationships.
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