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Abstract Endocytic budding implies the remodeling of a
plasma membrane portion from a flat sheet to a closed vesi-
cle. Clathrin- and actin-mediated endocytosis in yeast has
proven a very powerful model to study this process, with
more than 60 evolutionarily conserved proteins involved in
fashioning primary endocytic vesicles. Major progress in
the field has been made during the last decades by defin-
ing the sequential recruitment of the endocytic machinery
at the cell cortex using live-cell fluorescence microscopy.
Higher spatial resolution has been recently achieved by
developing time-resolved electron microscopy methods,
allowing for the first time the visualization of changes in
the plasma membrane shape, coupled to the dynamics of
the endocytic machinery. Here, we highlight these advances
and review recent findings from yeast and mammals that
have increased our understanding of where and how endo-
cytic proteins may apply force to remodel the plasma mem-
brane during different stages of the process.
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Introduction

Clathrin-mediated endocytic budding has been studied
comprehensively during the last decades and has therefore
become a paradigm for understanding how membranes are
deformed and remodeled to produce vesicles for different
membrane-trafficking events. The initial molecular mod-
els explaining the process came from the interpretation of
early electron micrographs showing highly curved clathrin-
coated intermediates that bud from the plasma membrane
(PM) in association with cargo [1-4]. Subsequent genetic
and biochemical studies have identified more than 60 pro-
teins in the pathway, most of them conserved from yeast
to mammals ([5-8] and references therein). They include
clathrin and its adaptors, the GTPase dynamin, actin, and
myosin, proteins bearing membrane-sculpting BAR and
ENTH domains and lipid-modifying enzymes. Extensive
structural and physicochemical studies have shown that
some of these proteins can directly generate and/or stabi-
lize membrane curvature in vitro in a variety of ways; (1)
by building curved or helical scaffolds bound to the mem-
brane surface, (2) by asymmetrically inserting hydrophobic
protein domains into the lipid bilayer, (3) by creating lipid
phase boundaries, and (4) by acting as molecular motors
that transduce chemical into mechanical force [9-11].
However, how the budding machineries really exert their
function in vivo is still largely unknown.

Remarkable progress into our understanding of how
these machineries may cooperate to produce the primary
endocytic vesicle within the cell has been made during
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the last decade, first through the use of live-cell fluores-
cence microscopy and more recently by the development
of time-resolved electron microscopy (TREM) techniques.
Yeast has played a pioneering role in all of these advances
owing to its simplicity and amenability to genetic manipu-
lation and cell biology experimentation. Although the mor-
phology of endocytic budding in yeast and mammals dif-
fers, probably due to the composition of the lipid bilayer,
the nature of the cargo, or the turgor pressure [5, 12, 13],
numerous studies indicate that the machinery is conserved
and that the molecular mechanisms converge [6-8, 14-17],
thus making yeast a good model system to study the pro-
cess. By tagging the yeast endocytic proteins with GFP var-
iants and tracking their relative dynamics using two-color
fluorescence microscopy, the seminal work from Drubin’s
laboratory and others has defined the precise sequence of
molecular events occurring at the sites of endocytosis with
a temporal resolution in the order of seconds and a spatial
resolution of about 200 nm [18, 19] (see also [6, 7, 20] and

references therein) (Fig. 1). This approach demonstrated
that, once early components of the endocytic machinery
mark the site where an endocytic vesicle will be produced,
the rest of the components are recruited in a sequential and
highly reproducible manner. Based on the identification
of proteins with similar dynamics at endocytic sites, the
live-cell imaging defined a number of functional modules
that cooperate in vivo to deform the lipid bilayer [19, 21].
The early and the coat modules, including clathrin and its
adaptors, first assemble at the cell cortex during a phase of
restrained motility that lasts 1-2 min, after which a burst
of actin polymerization accompanies a slow inward move-
ment of the coat of around 200 nm. The scission module
is finally recruited at the transition from the slow to a fast
movement of the endocytic coat components, after which
the vesicle uncoats and moves far inside the cell, still
accompanied by actin ([6, 7] and references therein). A
comprehensive analysis of the dynamics of 34 fluorescently
tagged key endocytic proteins in mammalian cells, relative
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Fig. 1 Sequential recruitment of endocytic proteins involved in
clathrin-mediated endocytosis in yeast, determined by fluorescence
microscopy. a Example of a two-color live-cell fluorescence imag-
ing of endocytic proteins in yeast (reproduced from Ref. [119]). Left
panel yeast cell expressing an early (Sla/) and a late (Myo5) endo-
cytic protein tagged with mCherry and GFP, respectively, marking
the sites of endocytosis. Right panel consecutive fluorescence micro-
graphs from a 2-s time-lapse movie of the endocytic patch in the inset.
Frames are approximately 100 x 100 nm. b Sequential recruitment
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Sjl2 (Synaptojanin-1)
Vps1 (dynamin)

of yeast endocytic proteins during clathrin-mediated endocytosis
in yeast based on two-color live-cell fluorescence microscopy stud-
ies ([6, 7, 20] and references therein). The color code indicates the
functional protein modules based on similar dynamics and func-
tions at endocytic sites. Shown are the most studied components.
Yeast nomenclature and the corresponding mammalian homologues
or functional counterparts (between parenthesis) are indicated. Time
of scission (time = 0 s) was defined by CLEM, relative to Abp1 and
Rvs167 [25, 26]
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to scission, revealed parallels between yeast and mammals
regarding the modular organization of the pathway and the
order of recruitment of its components [8].

Even though fluorescence live-cell imaging has estab-
lished the sequence of events leading to the formation of
an endocytic vesicle (Fig. 1), its spatial resolution does
not allow visualization of how the dynamics of the endo-
cytic components are coupled to changes in the shape of
the lipid bilayer. Thus, by only using this technique, it is
difficult to answer important questions related to when
membrane curvature emerges or when scission occurs
relative to the recruitment of the endocytic machinery. In
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this context, development of time-resolved ultrastructural
approaches to study endocytic budding has represented an
important breakthrough in the field. In this framework, two
approaches have mainly been used for the comprehensive
analysis of endocytic budding at the ultrastructural level in
the yeast Saccharomyces cerevisiae: quantitative immuno-
electron microscopy (QIEM) and correlative light and elec-
tron microscopy (CLEM).

The overall architecture of the primary endocytic
invaginations in yeast was first defined by QIEM [22, 23]
(Fig. 2). In this approach, HA-tagged endocytic proteins in
association with PM invaginations are labeled in ultrathin
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Fig. 2 Ultrastructural analysis of endocytic budding by quantita-
tive immuno-electron microscopy (QIEM) a Electron micrographs
showing plasma membrane invaginations labeled with immuno-golds
against an endocytic coat protein (Slal) on ultrathin sections of yeast
chemically fixed and resin-embedded. Scale bar 100 nm (reproduced
from [23]). b Scheme indicating the parameters used to describe the
position of the immuno-golds labeling endocytic proteins relative to
the invagination (reproduced from [23]). ¢ Dot plot representing the
distance of immuno-golds to the basal plasma membrane (PM), ver-
sus the length of the associated invagination, for the coat component
Slal and the myosin-I, Myo5 (data are from [22]). d The average
length of the invaginations labeled for different endocytic proteins
significantly increases according to their sequential recruitment, only
for proteins recruited concomitant with or after Vrpl and Bzzl. The
data indicate that the emergence of membrane curvature coincides
with the arrival of these proteins, and that once curvature is gener-

ated, the length of the invaginations can be used as a parameter to
describe their age. Events occurring before membrane curvature
or after scission are not studied by QIEM (data are from [23]). The
X-axis represents the level of the basal PM and the red dotted line
indicates the position of the invagination tip. In this kind of graph, the
spatiotemporal organization of the endocytic protein along the invagi-
nation can be monitored. In the examples shown, the position of the
immuno-golds indicates that Slal remains associated with the tip of
the invagination as it grows inside the cytosol. Myo5 is recruited later
and appears associated with the invagination base most of the time.
In longer invaginations though, just before fission occurs, a pool of
MyoS5 appears associated with the invagination tip. e The spatio-tem-
poral distribution of 18 endocytic yeast proteins based on QIEM stud-
ies [22, 23]. The mammalian homologues or functional counterparts
are shown between parentheses
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sections from chemically-fixed and resin-embedded yeast
cells with gold-conjugated antibodies (Immuno-golds)
against the HA tag and localized by immuno-electron
microscopy (IEM) (Fig. 2a). The shape of the labeled
invaginations and the position of the immuno-golds labe-
ling a particular protein are then described using geo-
metrical parameters, which can be statistically analyzed
(Fig. 2b, c). Provided that the amount of data is suffi-
ciently high, the position of the proteins can be described
with a resolution down to 7 nm [22, 23]. Previous IEM
studies localizing actin, Abpl, and cofilin had already sug-
gested that tubular PM invaginations of about 50 nm in
diameter, surrounded by a ribosome-free area, might be
the sites of endocytosis in yeast [24]. The QIEM studies
unequivocally proved this hypothesis by showing that 18
different endocytic proteins, including clathrin and the
clathrin adaptors, specifically associate with these kinds
of profiles [22, 23] (Fig. 2e). Further, the statistical analy-
sis of the length of the invaginations labeled for each par-
ticular protein, when aligned with their sequential recruit-
ment as assessed by live-cell imaging, demonstrated that
membrane curvature during endocytic budding emerges
with the onset of actin polymerization; and that once cur-
vature is initiated, the length of the invagination grows lin-
early up to 180 nm as budding progresses (Fig. 2d). Thus,
the length of the invaginations can be used as a temporal
marker to define their age. By statistically processing the
data and by introducing the time dimension to the study,
QIEM can correlate changes in the shape of the membrane
with the dynamics of endocytic proteins with unprece-
dented resolution. These studies confirmed that the com-
ponents of early and coat modules show similar dynam-
ics at the ultrastructural level and precisely defined their
positions as budding progresses. On the other hand, it out-
lined a much more complex behavior than anticipated for
the components of the actin and the Myo/WASP modules
(Fig. 2e).

CLEM confirmed the tubular nature of the endocytic
profiles in cryofixed, freeze-substituted, and resin-embed-
ded yeast cells [25, 26]. Although the invaginations defined
by these studies appear slightly shorter and thinner, as
compared to those described by QIEM, the overall mor-
phology of the profiles and the timing of events defined by
the two approaches are remarkably consistent (Figs. 2a,
3b). Differences in the fixation, embedding, and/or stain-
ing protocols may account for the observed variations.
Kukulski et al. [25, 26] use an elegant approach to pre-
cisely correlate the dynamics of the proteins at the endo-
cytic sites with three-dimensional topological changes of
the PM. Pairs of key fluorescently-tagged endocytic pro-
teins sequentially recruited at endocytic sites were used to
label nine time windows during the process (Fig. 3a). By
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using fluorescent fiducial markers, the endocytic fluores-
cent patches can then be ascribed to PM profiles on elec-
tron tomograms with a resolution of about 100 nm [26]
(Fig. 3b). In contrast to conventional transmission electron
microscopy, the electron tomography allows the visualiza-
tion and analysis of the three-dimensional morphology of
the complete endocytic invagination. The three-dimension-
ality is acquired by imaging thin sections of the embedded
cells at varying angles with respect to the electron beam.
The resulting tilt series of the 2-dimensional images are
aligned and merged using special algorithms that synthe-
size a 3D density map or tomogram [27]. As compared
to QIEM, which infers the temporal dimension from the
statistical processing of the data, CLEM can unequivo-
cally assign a maturation stage to a particular topology of
the PM and can directly analyze the endocytic sites before
membrane curvature emergence and after vesicle scission.
However, QIEM provides much more detailed information
on the architecture of the endocytic machinery relative to
the deforming lipid bilayer. Similarly to QIEM, CLEM
also estimated that membrane curvature emerges concomi-
tant with massive actin polymerization [23, 26]. Impor-
tantly, it also revealed the exact point of vesicle scission
and the intriguing morphodynamics of the primary endo-
cytic vesicle [26].

Here, we review how the outcome of these studies has
changed our view on the mechanisms by which membrane-
sculpting machineries shape the PM within the cell. In
particular, live-cell imaging combined with TREM studies
in yeast has contributed significantly to these advances by
providing the most detailed dynamic view of a membrane-
budding event occurring inside a cell to date. The accu-
mulated data has allowed the dissection of clathrin- and
actin-mediated endocytic budding into discrete stages and
a significant refinement of the molecular models explain-
ing the process, which will be discussed in the following
sections.

Assembly of the endocytic machinery on a flat PM

Among the proteins arriving early to the endocytic sites are
the components of the early and the coat modules (Fig. 1b).
These include clathrin, the yeast epsins Entl and Ent2,
and the FCHol/2 yeast homologue, Sypl [19-21, 28-31]
(Fig. 1b). CLEM and QIEM studies have shown that these
proteins stay at the PM for a relatively long period before
it starts to bend [23, 26] (Fig. 4, Stage 1). Therefore, it is
very likely that the clathrin coat remains flat on the PM for
most of the time, whilst waiting for cargo to concentrate.
Although the localization of cargo at the endocytic profiles
has not been assessed by TREM, live-cell imaging analyses
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demonstrated its recruitment after the arrival of Edel and
before Slal (Fig. 1b), inferring that it accumulates on a flat
PM together with the coat components during the early
stages [32].

The observation that the assembly of clathrin, the epsins,
and Sypl/FCHol/2 at the endocytic sites are not immedi-
ately coupled to the generation of membrane curvature in
yeast contradicts the models for clathrin-mediated endo-
cytic budding in which epsin and FCHo1/2 might induce

<« Fig. 3 Ultrastructure of the yeast endocytic profiles at different

stages by correlative light and electron microscopy (CLEM). a Pairs
of fluorescently tagged endocytic proteins label a sequence of 9 over-
lapping time windows along the process (/-9). By using fluorescent
fiducial markers, visible in both fluorescence and electron micro-
scopes, each fluorescent patch within a defined time window can be
correlated to a plasma membrane profile in electron tomography, with
a spatial resolution of about 100 nm. b Overlays of GFP and RFP sig-
nals in 300-nm sections of high pressure-frozen resin-embedded yeast
cells. Dashed circles mark fluorescent patches corresponding to the
indicated time windows. The associated-flat, invaginated and vesicu-
lar-profiles are shown below in virtual slices through electron tomo-
grams. Small and big circles mark 50 and 80 % prediction accuracy
for mCherry (red) and EGFP (green) positions, respectively. Scale
bars in fluorescent micrographs and electron tomographic slices are
2 pm and 100 nm, respectively. Figure is adapted from Ref. [26] with
permission from the authors

PM deformation early during the process, through their
amphipathic helix and BAR domain, respectively [5, 33,
34]. This generated curvature might then be stabilized by
the progressive assembly of clathrin triskelia into hexam-
ers and pentamers forming a basket-like scaffold around
the emerging bud [35]. In contrast, the TREM in yeast sug-
gests that clathrin is associated with a flat PM, and only
subsequently adopts a hemispherical shape [22, 23, 26, 36].
Thus, either a flat polymerized clathrin network is remod-
eled to a curved coat [37], or free clathrin triskelia initially
establish reversible interactions with the cargo-bound adap-
tors [38], and only once the membrane bends, can they
form a firm curved scaffold that stabilizes the bud (Fig. 4,
stages 1, 2).

The F-BAR protein Sypl is also unlikely to be in a sta-
ble curved conformation at early stages of the process.
Therefore, its capacity to form helical structures [31, 39,
40] might be initially inhibited, as suggested for other
membrane-sculpting proteins. Rao et al. [41] demonstrated
that the F-BAR-mediated membrane bending activity of
syndapin is subject to autoinhibition by its SH3 domain.
Association of the Syndapin-1 SH3 domain with the pro-
line-rich domain of dynamin-1 releases the auto-inhibition
and allows polymerization of syndapin into a spiral-like
coat [41]. Similarly, the capacity of the GTPase dynamin-2
to switch from the unassembled to the oligomerized heli-
cal state is negatively regulated by its GED domain [42,
43]. QIEM shows that, as budding progresses, Sypl moves
from the tip to the neck of the endocytic invaginations and
it becomes significantly closer to the lipid bilayer ([23]
and our unpublished data) (Fig. 4, stages 3-5). This behav-
ior might reflect a molecular switch that promotes Sypl
polymerization into a helical array and/or direct binding of
the F-BAR domain to the lipid bilayer.

There is increasing evidence to suggest that endocytic
proteins with membrane deformation capacities might be
regulated to fulfill other functions during the early stages
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Fig. 4 Molecular model for clathrin-mediated endocytic budding
in yeast based on TREM studies. / The early and the coat modules
assemble on a flat PM. Clathrin, the clathrin adaptors, and Syp! pre-
sumably remain in an unassembled uncurved conformation and may
be involved in regulating cargo selection and concentration. Las17
is recruited during this stage, but its NPF activity remains silenced
by the clathrin adaptor Slal. 2, 3 Membrane invagination and actin
polymerization are initiated, most likely in response to a certain
threshold of cargo and cargo adaptors. Protein crowding might pro-
mote initial membrane curvature. Recruitment of Bzzl and Vrpl,
concomitant with emergence of membrane curvature, could release
the inhibition on Las17 by Slal, which together with Panl1 initiate the
assembly of an actin cap, branched by the Arp2/3 complex and cross-
linked by Sac6. This actin cap is firmly attached to a curved coat via
Sla2 and Entl. The generated actin cap could stabilize the emerging
coated dome-shape invagination. 3, 4 Growth of the branched actin
cap promotes the initial elongation of the profile and its transforma-
tion from a dome- to a U-shape. At this stage, Las17 moves progres-
sively from the tip to the tubular area of the profile where its NPF
activity is probably silenced by Bbcl. Concentration of myosin-
I/Vrpl at the base of the emerging bud promotes appearance of
barbed ends facing the PM. Biased Growth of these filaments will
push the actin cap and the linked actin coat inward and promote the
directed elongation of the profile. 4-6 Further growth of the invagina-
tions from 70 nm onwards requires the motor domain of myosin-I.
Constriction requires the concerted action of the myosin-I ATPase and
the assembly of the BAR domain containing proteins around the neck.
At this stage, additional elongation of the actin filaments with barbed

of the endocytic process, independently of their ability to
bend membranes. One of these functions is to organize
cargo loading prior to the initiation of membrane curva-
ture. Sypl and its mammalian homologues FCHo1/2 have
a mu-homology domain that interacts with cargo mole-
cules and adaptors [31, 44, 45], suggesting a role for these
proteins in cargo organization during early stages of the
process, rather than functioning as initiators of endocytic
invaginations. Dynamin-2 is also involved in control-
ling early rate-limiting steps of the endocytic process in
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ends facing the PM does not involve branching by the Arp2/3 com-
plex. The motor domain of myosin-I pushes inwards the growing
actin filaments firmly attached to the coat causing the elongation and
the narrowing of the profile. By sensing the increased membrane cur-
vature or tension of the tubules, the F-BAR proteins Sypl and Bzz1
move from the tip to the tubular area of the invagination and constrict
it. Bzz1 might form a stiff platform necessary for the myosin to gen-
erate productive forces. The progressive recruitment of N-BAR pro-
teins Rvs161 and Rvs167 might then promote further elongation and/
or constriction of the endocytic tubule. 6 Transient depolymerization
of actin at the invagination neck might be required for vesicle scis-
sion. The fission reaction probably needs the tubulating activity of
Rvs167 and Bzzl, the segregation of lipid domains induced by Sjl12,
actin polymerization induced by myosin-I and Las17 and the mecha-
nochemical activity of the yeast dynamin Vpsl. 7 The released vesicle
continues to move into the cell interior. The movement might be pow-
ered by the different NPFs that remain in association with the vesicle
including, Panl, Las17, and Myo5. The localization of the endocytic
proteins around the released vesicle is hypothetical. The localizations
of SjI2 and Vpsl on the endocytic profiles have not been described
and are therefore not represented in this model. Gray arrows show
the critical requirement of different endocytic machineries at differ-
ent stages of the process (see text for further comments). Equilibrium
arrows denote possible reversibility between the indicated stages.
Dashed blue arrows points to a possibly less favorable progression
from one stage to the other. Yeast nomenclature and the corresponding
mammalian homologues or functional counterparts (between paren-
thesis) are indicated

mammalian cells by regulating coat assembly and cargo
capture, presumably in its unassembled state [42, 46].
Flat clathrin lattices or free clathrin triskelia and clathrin
light chains may regulate similar early functions during
endocytosis. In yeast, the clathrin light chain facilitates
the transition from the intermediate to late coat stages,
probably by regulating actin polymerization at the endo-
cytic sites [20, 47, 48]. Because this transition is also
regulated by cargo [20], clathrin may sense the arrival of
cargo and adaptors and prevent actin polymerization from
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occurring before sufficient cargo is present at the sites of
endocytosis.

Initiation of membrane curvature and actin
polymerization at the endocytic sites

By defining the time at which PM curvature emerges with
respect to the arrival of endocytic factors, it is now possible
to elucidate which proteins might actually be involved in
initial bending of the flat lipid bilayer.

Coupling the emergence of membrane curvature with actin
polymerization

An intriguing finding based on the TREM studies in yeast
is that initiation of membrane curvature is tightly cou-
pled to the initiation of actin polymerization at the sites of
clathrin-coated pit (CCP) formation [23, 26]. CLEM could
not detect membrane curvature before the actin binding
protein Abpl is recruited to the endocytic site [26]. On the
other hand, the QIEM studies suggest that initial curvature
occurs concomitantly with the recruitment of Bzzl and
Vrpl, which marks the onset of the actin-dependent inward
movement of the endocytic coat [23, 49]. While these find-
ings agree that actin polymerization and initial membrane
curvature are coordinated, it is still not clear whether
polymerized actin is the main trigger of PM bending or if
membrane curvature initiated by other mechanisms prompts
actin polymerization. In agreement with the first hypothesis,
Kukulski et al. [26] could not observe endocytic invagina-
tions upon cell treatment with Latrunculin A, a drug that
inhibits actin polymerization by sequestering actin mono-
mers. On the contrary, dome-like invaginations specifically
decorated with coat proteins could be observed in the QIEM
studies in the absence of actin dynamics [23], suggesting
that actin polymerization is not essential to initiate mem-
brane curvature. Interestingly, the QIEM studies show that
the overall number of dome-like coated invaginations per
cell does not increase when actin polymerization is inhib-
ited (our unpublished data), suggesting that the flat versus
curved PM profiles might be in a reversible equilibrium in
the absence of a dynamic actin cytoskeleton (Fig. 4, stages
1, 2). The construction of an actin cap firmly attached to
the endocytic coat could shift this equilibrium toward the
dome shape (Fig. 4, stages 2, 3) (see below). This interpre-
tation could reconcile the conflicting results of the CLEM
and QIEM studies on this point, since a small fraction of the
endocytic coats in the curved conformation might be missed
in the CLEM studies unless a significantly higher number
of endocytic spots are analyzed. Differences in the fixation
and embedding protocols could also provide an alternative
explanation for the observed results.

The requirement of clathrin, epsin and BAR
domain-containing proteins in membrane curvature
initiation

Other candidates to promote initial membrane curvature are
proteins with in vitro membrane sculpting capacity present
in the endocytic patch previous to or at initiation of actin
polymerization. Those include clathrin, the epsins, and the
F-BAR-domain containing proteins Sypl/FCHol/2 and
Bzz1/Syndapin-like [31, 33, 34, 39, 40, 50, 51] (Fig. 1b).
In mammalian cells, electron microscopy studies demon-
strated that depletion of clathrin precludes the invagina-
tion of PM underlying assembled endocytic structures
[52]. Conversely, studies in yeast indicate that clathrin is
not essential for the formation of the incipient bud at the
PM. Coat and cargo can still be internalized in yeast when
clathrin is depleted, albeit less efficiently [19, 20, 47, 53],
and the endocytic invaginations formed are indistinguish-
able from those observed in wild-type strains, with regard
to their morphology and the localization of the coat adap-
tor around the tip of the invagination [23]. Thus, clathrin
may share redundant functions with other coat components
or may not be directly involved in PM invagination or scaf-
folding of the coat, but might rather have a regulatory role
as mentioned above. The differential requirement for clath-
rin in yeast and mammals might be due to differences in
the nature of the internalized cargo and the size and/or the
geometry of the endocytic bud, rather than in the capacity
to bend the lipid bilayer [5].

Epsins can induce membrane curvature in vitro by
inserting the amphipatic helix of their ENTH domains into
the lipid bilayer [33]. This insertion has been predicted by
a physical model to generate large membrane curvatures
[54]. However, recent data show that epsins might not be
sufficient to produce significant changes in the topology of
the PM by themselves at physiological concentrations [55].
Supporting this view, EM studies have shown that deple-
tion of all epsin isoforms in mammalian cells does not pre-
vent the formation of CCPs [56].

Likewise, the studies in yeast indicate that the BAR-
domain proteins Sypl/FCHol/2 and Bzzl/Syndapin-like
are dispensable to generate initial membrane curvature.
The mammalian homologues of Sypl, FCHo1/2, have been
proposed as nucleators of CCP, which initiate PM curvature
[34]. In yeast, however, deletion of Sypl does not alter the
initiation or progression of the coat internalization or the
initiation of membrane invagination [21, 23]. Consistent
with these observations, recent analysis in mammalian cells
and Zebrafish have shown that clathrin structures can still
assemble at the PM in the absence of FCHol/2 [45, 57].
The other yeast F-BAR domain containing protein Bzzl
arrives at the endocytic sites coincident with the emer-
gence of the coated pit [49]; however, deleting Bzz1 alone

@ Springer



648

F. Idrissi, M. 1. Geli

or together with Sypl does not abolish endocytic budding
([23, 51] and our unpublished results), indicating that the
two yeast F-BAR domain proteins known to localize at the
endocytic sites are not essential to produce initial PM bend-
ing for endocytic budding.

Initial membrane curvature by molecular crowding

All these data seem to discard the possibility of an exclu-
sive role for one of the classical membrane-sculpting
mechanisms in triggering initial membrane curvature at
the endocytic sites. Either a high degree of functional
redundancy exists or an alternative mechanism is actually
responsible for initiating membrane curvature in a cellular
context. Interestingly, Stachowiak et al. [55] have recently
suggested a novel mechanism through which endocytic
molecules could bend membranes by protein—protein
crowding. By correlating membrane tubulation with pro-
tein densities measured by FRET on the surface of giant
unilamellar vesicles, the authors demonstrated that lateral
pressure generated by collisions between bound proteins
can drive bending. In this mechanism, curvature generation
depends on the protein coverage regardless of the mode
used to bind the lipid bilayer or the bending capacities of
the proteins [55]. In line with these findings, Dannhauser
and Ungewickell [50] demonstrated that clathrin is able
to form highly curved membrane structures in vitro in the
absence of ENTH domains and amphipathic helices, when
recruited to membranes via adaptor proteins. It would be
interesting to analyze in the same experimental conditions
whether any other proteins with the same membrane cov-
erage as clathrin in this assay could induce curvature with
similar efficiency. Fluorescence live-cell imaging in yeast
has shown that the intensities of the endocytic proteins
fused to GFP variants increase progressively during the
process and reach their maxima around the time of Vrpl
and Bzzl arrival, which, according to the QIEM studies,
coincides with emergence of curvature [18, 23, 49]. An
attractive possibility would be that recruitment of suffi-
cient cargo at the endocytic sites is sensed by the system
as the degree of membrane protein coverage (about 20 %,
according to Stachowiak et al.) necessary to induce curva-
ture. Curvature could then promote recruitment of the BAR
domain protein Bzz1/syndapin-like to trigger actin polym-
erization, which will in turn stabilize the endocytic invagi-
nation and promote progression of budding (see below).
Physical models, which integrate parameters such as the
number of proteins at each time point of the process and
the area of the PM patch occupied by the coat, would be
useful to test whether the coverage reached by peripheral
membrane proteins at this time point is sufficient to induce
membrane curvature. Such parameters could be estimated
from live-cell imaging and electron microscopy studies.
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The exact mechanisms by which endocytic components
collaborate to overcome the resistance of the PM to initial
bending still need to be identified.

How is actin polymerization initiated at the endocytic
sites?

Actin assembly during endocytic budding is essential to
elongate the endocytic invaginations and probably also to
excise the endocytic vesicles. The Arp2/3 complex and its
activators are recruited to the endocytic sites where they are
thought to initiate actin polymerization (reviewed in [12, 15,
58]). The Arp2/3 complex nucleates growth of new actin
filaments on the side of preexisting ones or “mother fila-
ments”, at a fixed angle of 70 °, thereby forming a branched
network. Its nucleating capacity is locally activated by actin
nucleating promoting factors (NPF) such as WASP [59,
60]. The endocytic NPFs in yeast include the homologue of
WASP Las17, the Eps15-like protein Panl, and the myosin-
Is Myo3/5 [49, 61, 62] (Fig. 4, stage 1). These factors join
the endocytic site with different timings and have different
dynamics at the ultrastructural level [18, 22, 49] (Fig. 1b).
Therefore, they were initially suspected to perform different
functions in shaping the nascent endocytic vesicle. Las17
seems to share an early function during the process with
Panl [49, 63, 64], whereas Myo5 has a prevailing role dur-
ing elongation of the endocytic invaginations, which can be
taken over by Las17 in a myosin-I mutant background [49].

Las17 and Panl arrive to the sites of endocytosis and stay
for about 20 s on a flat membrane, well before actin bind-
ing proteins arrive at the endocytic sites and also before
any actin-dependent movement of the coat can be detected
[18, 19, 23, 26, 63, 65] (Figs. 1b, 4). During this time, their
NPF activities probably remain inhibited by the coat com-
ponents Slal and the HiplR homologue Sla2, respectively
[49, 66-68]. The physico-chemical parameters that initi-
ate actin polymerization are uncertain, but QIEM and bio-
chemical data indicate that the incipient membrane curvature
could be the trigger. First, emergence of membrane curvature
occurs concomitant with the arrival of Vrpl and the F-BAR
domain containing protein Bzz1 [23, 49]. Second, Bzzl was
shown to release the Slal inhibition of Las17 in pyrene-actin
polymerization assays [49] and third, the Bzz1-related mam-
malian proteins Tocal and FBP17 are able to recruit the
N-WASP/WIP complex to liposomes and stimulate its NPF
activity in a curvature-dependent manner [69]. Thus, mem-
brane curvature sensing by Bzz1 might provide a molecular
switch that elicits actin polymerization. Once again, how-
ever, redundant mechanisms might work to couple emer-
gence of membrane curvature to actin polymerization since
deletion of Bzzl alone does not cause a significant delay in
endocytic internalization and has little influence in the mor-
phology of the endocytic invaginations [23, 49].
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Although the Arp2/3 complex nucleation activity may
be involved in initiating actin polymerization at the sites
of endocytosis, recent data indicate that the Arp2/3 com-
plex is probably not essential for this function. First, the
nucleation activity of the Arp2/3 complex requires a pre-
existing mother filament [59]. Second, although the Arp2/3
complex is critical for efficient endocytosis in yeast, muta-
tions in the Arp2/3 complex or in the NPFs, which dramati-
cally reduce actin nucleation in vitro, do not significantly
affect actin polymerization at the endocytic sites [70, 71].
Recent work suggests that Las17, Panl, and the WIP hom-
ologue Vrpl could nucleate actin filaments in an Arp2/3-
independent manner. Urbanek et al. [64] demonstrated that
Las17 has the capacity to nucleate actin polymerization by
itself in vitro, via a novel actin binding poly-proline motif.
Panl and Vrpl contain similar motifs and thereby they
may also nucleate linear actin filaments. These filaments
may both recruit the Arp2/3 complex and serve as a mother
filament for nucleation of a branched network at the sites
of endocytosis. Alternatively, the mother filament may be
captured from the cytosol through a contact with another
actin-coated endocytic vesicle [72] or by randomly touch-
ing surrounding actin networks as suggested from electron
micrographs of actin structures associated with CCPs in
mammalian cells [73].

Elongation and constriction of the endocytic tubule

Once membrane curvature emerges, maturation of the
endocytic invaginations implies their coordinated elonga-
tion and reshaping. TREM has demonstrated that invagina-
tions are initially dome-shaped and progressively acquire
a U-contour. Subsequent constriction of the invagina-
tion neck at approximately one-third of its depth results
in omega-shaped profiles, which probably correspond to
pre-scission stages [23, 26] (Fig. 4, stages 3—6). The pre-
cise localization of the endocytic machinery relative to the
endocytic invaginations by QIEM and the ultrastructural
analysis of the morphology of the endocytic sites after
interfering with key pieces of the endocytic machinery
have started to define the molecular mechanisms involved
in each particular membrane deformation step [23]. The
data indicates that: (1) an actin cap, branched by the Arp2/3
complex and strongly linked to the endocytic coat, is built
during the transition from the dome to the U-shape; (2)
linear elongation of actin filaments with barbed ends fac-
ing the PM probably follows to drive further elongation
of the endocytic tubes; (3) the myosin-I motor activity is
required to promote growth of the endocytic invagination;
and (4) the myosin-I ATPase and the F-BAR-domain pro-
teins cooperate in the constriction of the invagination neck
(Fig. 4, stages 3-6).

Elongation of the endocytic tubule by two modes of actin
polymerization

Initial elongation of the endocytic invaginations and reshap-
ing from a dome to a U-contour is coupled to the assembly
of an actin cap around the invagination tip, branched by the
Arp2/3 complex and firmly attached to the endocytic coat
via Sla2 and Entl (Fig. 4, stages 3, 4). QIEM studies have
shown that actin initially localizes around the coated endo-
cytic invagination in a ribosome-free area of about 50 nm
wide (Fig. 2a), highly enriched in the Arp2/3 complex and
the yeast actin bundling protein Sac6/Fimbrin [22, 23, 74].
This observation is consistent with previous rapid-freeze
deep-etch electron microscopy studies in yeast cells show-
ing that the Arp2/3 complex accumulates at the tip of coni-
cal actin structures with a Y-branched organization, likely
corresponding to endocytic actin structures [75, 76]. Thus,
at this stage, actin forms a branched and cross-linked struc-
ture that caps the emerging bud (Fig. 4, stage 3). Mutations
in the Arp2/3 complex and deletion of Sac6 severely affect
coat internalization [19, 71, 76], suggesting that crosslink-
ing of the actin network is required for productive force
generation. The localization of the NPFs that probably initi-
ate actin polymerization at this stage, Panl and Las17, pre-
dicts the formation an actin structure with growing ends fac-
ing the endocytic coat and pushing it in different directions
[22, 49]. Assembly of such a structure could explain the
undirected, actin-dependent corralled movement observed
by live-cell imaging [18, 19, 65] (Fig. 4, stages 3, 4). Sup-
porting this hypothesis, localization by QIEM of capping
proteins (Fig. 2e), which bind the barbed ends of actin fila-
ments, provides evidence for a complex polarity of the actin
network around the coated area of the invagination [23].

After the initial burst of actin polymerization, myosin-I
arrives to the endocytic sites concomitant with the initia-
tion of massive actin polymerization and with the elonga-
tion of the tubular profiles [22, 23, 26, 49]. At this stage,
the myosin-I concentrates at the base of the emerging bud
together with its co-activator Vrpl/WIP, whereas Lasl7
starts moving from the tip to the tubular area, where it co-
localizes with two of its inhibitors Bbcl and Sypl [22, 23,
49] (Fig. 4, stages 4-6). This pattern predicts a switch of
the predominant NPF activity from the tip to the base of the
invagination, and therefore the appearance of barbed ends
facing the PM. Consistent with this view, capping protein
appears at the base of the endocytic invaginations, together
with Myo5 [23] (Fig. 2e). Biased elongation of these fila-
ments could then power the inward movement of the
branched actin network attached to the coat, thereby pro-
moting a directed movement of the coat inside the cytosol
[12, 23] (Fig. 4, stages 4-6).

An efficient force transduction by actin polymerization
in the model described above requires the presence of a
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linker that firmly connects the actin network to the mem-
brane (Fig. 4, stages 3—6) [77]. In a recent study, Skruzny
et al. [78] have shown that the yeast HiplR Sla2 and the
epsin Entl form a complex that stably links the coat to
actin. This link is established, on one side, by the coop-
erative binding of Sla2 and Entl to the PM via their lipid
binding domains, and on the other side, by their interaction
with the actin network via redundant actin binding domains
[78]. Consistent with the role of Sla2 and Entl as linkers,
mutations that disrupt this connection strongly inhibit the
internalization of the coat [18, 78]. Also in agreement with
a role of Sla2 as a linker between the endocytic coat and
actin, QIEM shows that the C-terminus of Sla2 bearing
the actin binding domain precisely localizes at the inter-
face between the coat and the actin network, and that SLA2
deletion prevents elongation of the invaginations but not
actin polymerization on the endocytic invaginations [18,
23, 79]. The mammalian homologue of Sla2, HiplR, has
also previously been shown to link actin filaments to the
clathrin-coated pits [80]. Accordingly, depletion of HiplR
in mammalian cells phenocopies the sla2A mutant [18,
81]. However, a branched actin network covering the dome
of the CCPs in mammalian cells was not observed in the
EM studies on unroofed cells [73], suggesting that either
such a network was torn away by sonication during unroof-
ing or such an actin cap does not form in mammalian cells.

Although initial elongation of the tubular profile is pro-
moted by the growth of an actin network branched by the
Arp2/3 complex (Fig. 4, stages 3, 4), further elongation of
the endocytic invagination is probably accompanied by the
extension of linear actin filaments, with barbed ends fac-
ing the PM (Fig. 4, stages 5, 6). For invaginations longer
than 70 nm, QIEM shows that labeling for the Arp2/3 com-
plex is absent from the base of the profiles. However, actin
and other actin binding proteins still accumulate there [22,
23]. Given that the Arp2/3 complex moves inward with
the endocytic coat and the addition of actin monomers
seems to occur at the base of the endocytic invaginations
[18, 19, 23], these observations strongly indicate a change
in the mode by which actin polymerization progresses at
this stage. Actin monomer addition might progress in an
autocatalytic fashion or be powered by the Vrpl G-actin
binding sites. What regulates this change and its functional
implications are currently unknown.

Elongation and constriction of the endocytic tubule by
myosin-I and BAR domains

The mechano-chemical activity of the myosin-I is required
both for elongation and for the constriction of the endocytic
invaginations. QIEM shows that mutation of the myosin-I
motor domain results in the accumulation of 70-nm-long
unconstricted U-shaped invaginations [23]. The motor
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activity of the myosins-I, located at the base of the invagi-
nations, will push away actin filaments with barbed ends
facing the PM [22, 23, 49]. Provided that these actin fila-
ments are firmly attached to the branched actin network
linked to the coat, the myosin-I will push the endocytic coat
away into the cytosol and, thus, power elongation of the
invaginations (Fig. 4, stages 4-6). An important require-
ment in this model is a stiff platform that immobilizes the
endocytic invagination and allows the myosin-I to push the
actin filament away from the PM. Recent evidence suggests
that the BAR domain protein Bzz1, which co-localizes with
MyoS5 at this stage, could play this role in yeast [22, 23,
511

How could the myosin-I also strangle the invagina-
tion neck at this stage? Consistent with the localization
of Myo5 and actin, the mechano-chemical activity of the
myosin could directly constrict a ring with actin filaments
arranged into antiparallel arrays [12, 22, 49]. However, it
is difficult to envision a simple myosin organization at the
base of the invaginations that could simultaneously push
away actin filaments with barbed ends facing the PM and
constrict a ring of actin filaments with a perpendicular ori-
entation. Alternatively, the elongation of the tubular profile
powered by the myosin motor head might generate ten-
sion along the invagination and promote assembly of BAR
domain-containing proteins at the invagination neck, which
in turn constrict the profiles. Consistent with this possibil-
ity, QIEM demonstrates that Sypl and Bzzl translocate
from the tip to the neck of invaginations longer than 70 nm,
and that this translocation is precluded when the myosin-I
ATPase is mutated [23] (stages 4, 5). Further, deletion of
Sypl or Bzzl, or a mutation in Bzz1 that prevents binding
to lipids, increase the number of unconstricted, U-shaped
invaginations [23, 51]. In contrast to the myosin-I muta-
tions, though, depletion of the F-BAR-domain proteins
does not prevent elongation of the endocytic invaginations
[23]. Similar to the yeast F-BAR proteins, the mammalian
homologue of Sypl FCHo2 initially associates with the
tip of shallow CCPs but appears at their neck when they
acquire more curvature [34]. Likewise, the mammalian
counterpart of Bzzl FBP17 is detected on the tubular necks
of pre-scission clathrin-coated pits produced in a cell-free
system [82]. Also similar to the F-BAR proteins, IEM in
mammalian cells shows that dynamin translocates from
the coat area to the neck of clathrin-coated pits when they
are sufficiently narrow [83], and dynamin preferentially
binds to tubular membranes when they are under tension
[84]. Increasing tension and/or curvature resulting from the
elongation of the endocytic invaginations might ultimately
be the parameter that triggers recruitment of BAR-domain
proteins to the invagination neck.

The role of the yeast amphiphysin/endophilin-related
proteins Rvs161 and Rvs167 in elongation and constriction
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of the tubular invaginations remains less defined. These
proteins bear an N-BAR domain with a concave structure
of smaller diameter, as compared to the F-BAR domains
[85]. Consistently, N-BAR domains produce narrower
membrane tubes in vitro than the F-BARs [31, 39, 40, 86].
In line with these properties, QIEM studies demonstrate
that Rvs167 substitutes for the F-BAR protein, Sypl1, at the
invagination neck, coincident with the progressive narrow-
ing of the tubule [23]. However, the localization of Rvs167
at this point does not actually coincide with the position
of the constriction [23] (Fig. 4, stage 6). Further, the phe-
notypes reported for deletion of RVS167 are controversial.
In one ultrastructural study, deletion of the N-BAR protein
causes widening and elongation of the tubule, suggesting
a defect in constriction and/or scission, but not in elonga-
tion [51]. Conversely, CLEM demonstrates the accumula-
tion of very short endocytic invaginations in an rvs/67A
strain [26], suggesting a defect in elongation. In agreement
with this finding, assembly of BAR domain proteins has
previously been reported to be required for the stabiliza-
tion of clathrin-capped elongated tubules produced in a
cell-free system [82]. The discrepancy between the two
results remains unsolved for the moment. In the studies
by Kishimoto et al., the endocytic nature of the invagi-
nations studied could not be unequivocally assessed and,
therefore, some long invaginations of another origin could
be overrepresented in the rvs/67 mutant. Alternatively, if
the endocytic coat would disassemble prematurely but the
invaginations continue to grow in the amphiphysin mutant,
the CLEM will overlook the longest structures. More work
is required to dissect the role of amphiphysins at this stage.

Scission of the endocytic tubule

Even though the involvement of dynamin in the scission
of clathrin-coated vesicles in mammalian cells is fairly
well established, its endocytic function in yeast is rather
limited and, therefore, it was initially postulated that a dif-
ferent fission mechanism might predominate in this organ-
ism [12, 87]. The demonstration that fission occurs half-
way through the transient recruitment (only 8 s) of Rvs161
and Rvs167 and the observation that Rvs167 concentrates
at the invagination neck immediately before fission, sug-
gested a leading role for these proteins in vesicle scis-
sion [19, 22, 25, 26]. Accordingly, endocytic coats, pos-
sibly failing to pinch off from the PM, can be observed
by live-cell imaging retracting towards the cell surface in
rvs161 and rvsI67 mutants [19, 51]. However, the endo-
cytic defects installed upon depletion of these proteins are
only partial, indicating that other components of the endo-
cytic machinery cooperate in vesicles scission. Subsequent
works have demonstrated that treatment of cells with low

doses of Latrunculin A, alteration of the NPF activity of
Las17, and the myosins-I, depletion of the synaptojanin
SjI2 or mutation of the yeast dynamin Vps1 exacerbate the
retraction phenotype of the rvsI67A strain [51, 88]. Thus,
the data point to redundant roles of actin polymerization,
the PI(4,5)P, turn over, the tubulating or membrane curva-
ture sensing activity of N-BAR proteins, and the GTPase
of dynamin in vesicle scission. However, the molecular
mechanism driving vesicle scission in vivo is far from
being understood.

Liu et al. [89, 90] have proposed a molecular model to
integrate the roles of actin, amphiphysin, and synaptoja-
nin in vesicle scission. According to this model, the endo-
cytic bud first elongates and gains curvature through the
driving force of actin and the tubulating activity of BAR
proteins. Later recruitment of the synaptojanins then cre-
ates a lipid phase boundary between the tubular area of
the invagination, where PI(4,5)P, is protected by the BAR
scaffold, and the invagination tip, where the lipids are
more exposed to the PI(4,5)P, 5-phosphatase activity of
the synaptojanin. The line tension generated at the inter-
face between the two lipid domains can provide force to
drive membrane scission [89]. This model is supported
by the genetic interactions described in yeast between
Rvs167, Sjl2, and the endocytic NPFs [51], by in vivo and
in vitro studies suggesting that lipid phase boundaries can
drive vesicle scission in the absence of dynamin [91], and
by the observation that the enzymatic activity of the mam-
malian synaptojanin-I is enhanced with increasing curva-
ture [92].

Recent data by CLEM, though, have recently chal-
lenged this model. The molecular model proposed by Liu
et al. [89] predicts that vesicle scission will occur between
the endocytic coat and Rvs167 assembled at the invagina-
tion neck. However, the data obtained by Kukulski et al.
suggest that scission occurs closer to the basal PM, possi-
bly at the interface between Rvs167 and the F-BAR protein
Bzz1, which is assembled at the base of the invaginations
together with Myo5 and Vrpl [22, 23, 26] (Fig. 4, stage
6). The careful morphometric analysis performed by these
authors on the released vesicles estimates that the “future
scission site” leaves the PM when the invaginations are
60—-80 nm in length and moves inwards as the invagination
depth increases. According to their calculations, the scis-
sion site coincides with the constriction on the invagina-
tion neck, which both CLEM and QIEM have positioned
at 1/3 of the invagination depth [23, 26]. This constric-
tion appears precisely positioned by the QIEM studies at
the interface between Bzz1 and Rvs167, and not between
Rvs167 and the endocytic coat [22, 23]. Given that the
diameter between the tubules produced by N and F-BAR
domains are significantly different [39, 40], the elastic
energy at the interphase between Bzz1 and Rvs167 might
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increase, thereby lowering the energy barrier to fission,
similar to what has recently been suggested for dynamin
[93]. Future insight into the fission mechanism will have
to wait for the exact position of Sjl2, Vpsl, and endocytic
relevant lipid species along endocytic invaginations.

How actin polymerization can assist in vesicle scission
is also not well understood. A model for actin-dependent
vesicle scission regulated by BAR proteins has been pro-
posed based on studies in fission yeast [94]. According to
this model, the F-BAR proteins Cdc15 and Bzz1 stimulate
the NPF activities of myosin-I and WASP at the base and
the tip of the endocytic invaginations, respectively, lead-
ing to the formation of two actin structures with opposing
polarities. Expansion of these actin networks pushes the tip
of the invaginating tubule away from the cell surface and
generates membrane tension [94]. An alternative model has
been proposed based on ultrastructural studies of clathrin-
coated pits in mammalian cells. Using platinum replica
electron microscopy in combination with electron tomog-
raphy, Collins et al. [73] demonstrated the presence of
branched actin networks with barbed ends facing the lipid
bilayer, oriented perpendicular to the invagination neck.
Based on these observations, the authors proposed that a
constricting force generated by addition of actin monomers
on the surface of the invagination neck might lead to vesi-
cle scission. In agreement with this hypothesis, the yeast
WASP appears on the surface of the invagination neck at
late stages during endocytic budding, where it co-localizes
with Rvs167 [22] (Fig. 4, stage 6). Interestingly, the mam-
malian amphiphysin interacts with N-WASP and stimulates
its NPF activity in vitro [95]. Therefore, the NPF activity of
Las17 could be reactivated by the disassembly of its inhibi-
tor Sypl and by the recruitment Rvs167 at this point [19,
26, 30] (Fig. 4, stage 6).

The model that really applies for the role of actin in ves-
icle scission in yeast is presently unclear. Strikingly, and in
apparent contradiction with both models, the QIEM stud-
ies demonstrate that, when the endocytic invaginations are
at their maximal length, just before scission occurs, actin
labeling at the invagination neck is scarce, regardless of the
anti-actin antibody used ([22], and our unpublished data).
This phenomenon might reflect a need for the transient
disruption of the thick actin endocytic network to allow
detachment of the vesicles into the cytosol (Fig. 4, stage
6). However, what might trigger complete or partial disas-
sembly of filamentous actin at the invagination neck and its
exact functional significance is presently unclear.

Although the evidence for a role for dynamin in endo-
cytic budding in yeast has been conflicting, probably due to
differences in the yeast strain backgrounds or in the experi-
mental conditions [7, 51, 87], the recruitment of the yeast
dynamin-like protein Vpsl to at least a subset of endocytic
sites was recently shown [96]. A recent study suggests that
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binding of Rvs167 to assembled Vps1 induces a conforma-
tional change in dynamin, which stimulates its mechano-
chemical activity and thereby its disassembly [88]. Recent
biochemical studies with the mammalian dynamin, endo-
philin, and amphiphysin further support this possibility
[97]. Vps] disassembly may then drive membrane scission
as suggested for the mammalian dynamin [98].

Unlike Vpsl, dynamin is critical for scission of clath-
rin-coated vesicles in mammalian cells. Knock-down of
dynamin in mouse fibroblasts results in accumulation of
long clathrin-capped tubules that fail to undergo scission
[14]. Nevertheless, while mammalian dynamin can induce
membrane tubulation and constriction on its own in vitro,
increasing evidence indicates that it may require the aid
of some of the mechanisms proposed in yeast to complete
scission in vivo, including generation of tension, actin
polymerization, and the formation of lipid phase bounda-
ries [89, 92, 99-102].

In a recent study, Boucrot et al. have proposed a novel
mechanism for scission in the absence of dynamin. They
observe that membrane insertion of amphipathic helices
can drive complete membrane scission, which is anto-
ganized by BAR domains, in a cell-free system [56].
Consistent with this observation, depletion of the epsins,
which bear amphipathic helices and not BAR domains, in
mammalian cells, causes the formation of multi-headed
clathrin-coated invaginations that fail to pinch off in spite
of dynamin being recruited to these structures. Further-
more, overexpression of the epsins can compensate for
the absence of dynamin for endocytic budding [56]. The
morphology of the endocytic profiles was not assessed
by electron microscopy in yeast lacking Entl and Ent2.
However, since these proteins are excluded from the area
where scission is expected to occur [23], it is unlikely
that they have a direct role in vesicle pinching in this
organism.

The first seconds in the life of the released vesicle

Early electron microscopy studies have previously identi-
fied primary endocytic vesicles in yeast spheroplasts by
labeling the endocytic pathway with positively charged
nanogolds [103]. CLEM has now provided for the first time
informative details on the topology of primary endocytic
vesicles and their initial dynamics. The endocytic vesi-
cles appear similar in size but remarkably non-uniform in
shape, indicating that they are not enclosed in a spherical
coat. They can appear as elongated rugby balls, flattened
spheres, or tear-drop-shaped with an average volume of
43,000 4 24,000 nm® [26]. Whether the heterogeneity in
shape comes from different stages after scission, defor-
mation caused by asymmetrical actin polymerization,
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differences in the cargo being loaded, or heterogeneity in
the fission mechanism is not currently known.

In addition to defining the shape and the size of the
endocytic vesicles, CLEM showed that the coat compo-
nent Slal and the amphiphysin remain associated with
the newly born vesicle, indicating that complete uncoat-
ing generally occurs after scission has occurred [26].
CLEM has also shown that the ribosome-free area sur-
rounding the vesicle continues to expand upon vesicle
scission, probably reflecting the progressive growth of
an actin network [26]. At this stage, actin filaments may
continue to grow by the autocatalytic activity of actin
or by NPF activities that still remain associated with the
detached vesicle. The disassembly of Sla2 and the epsins
by the Sjl2/Synaptojanin-dependent hydrolysis of PI1(4,5)
P, may relieve the inhibition on Panl still attached to the
endocytic coat, [66, 78, 104]. In addition, Las17 and Myo5
could reactivate Arp2/3-dependent actin polymerization
on the released vesicle. Even though Lasl7 and Myo5
could not initially be observed moving with the vesicle
into the cytosol in live-cell imaging experiments, QIEM
demonstrates that a significant fraction of these proteins is
associated with the portion of the membrane that will be
released into the cytosol [22]. The actin tails produced by
these activities may aid in the detachment of the endocytic
vesicle from the PM and/or promote its movement inside
the cytosol [18, 19, 26, 63, 65, 78]. Accordingly, actin tails
were visualized at the tip of closed clathrin-coated vesicles
at the PM by electron tomography in mammalian unroofed
cells [73]. CLEM did not visualize actin-labeled vesicles
further than 200 nm from the yeast cell surface [26], most
likely because the vesicle movement is very fast after coat
disassembly [18, 19, 63, 65, 105], and therefore the time
window before actin disassembly occurs is very narrow.
Alternatively, vesicles might run parallel to the cortex until
they lose their actin cap [18, 19].

QIEM has not been used to describe the position of the
endocytic machinery after vesicle release. The observa-
tion that most primary endocytic vesicles present a cer-
tain degree of asymmetry opens the possibility to apply
this technique to define the relative position of the endo-
cytic coat, the actin binding proteins, and the disassembly
machinery on the released vesicles. This information could
provide interesting insights into the mechanism of vesicle
release, uncoating, and subsequent movement.

Conclusions and perspectives

The information provided by the TREM studies in yeast has
zoomed out by an order of magnitude our view of endocytic
budding in a cellular context, and has allowed the observa-
tion for the first time of changes in the lipid bilayer coupled

to the dynamics of the endocytic machinery with unprec-
edented spatio-temporal resolution. By learning when and
where the membrane-sculpting proteins exert their function
in the cell, we can now refine the molecular models explain-
ing the process (Fig. 4). On the other hand, our magnified
view of endocytic budding has helped to define novel steps
in the process and has opened new questions and fields for
experimentation. For instance, how physical parameters
such as the membrane curvature or tension influence the
dynamics of molecular assemblies in vivo and vice versa is
still not well understood; the exact mechanisms triggering
initial membrane bending or scission are still controver-
sial; how lipid domains are organized within the endocytic
bud at the ultrastructural level is completely unknown;
and how cargo may control progression of budding is still
under investigation. Definitive answers to most of these
questions will require in vitro assays that recapitulate the
budding process in the presence of cargo and purified endo-
cytic complexes, physical modeling, and ultrastructural
approaches of increasing resolution, which, in the long
term, allow visualization of the actual endocytic complexes
at atomic resolution in a cellular context. In this frame-
work, the use of electron tomography on vitrified samples,
combined with docking of the atomic structures of the puri-
fied endocytic complexes [106], could be the next break-
through in the field to provide precise three-dimensional
information on how these molecular machines exert force
to shape the endocytic membranes in situ and at atomic res-
olution. Electron tomography has been used to determine
the topology of the PM during clathrin-mediated endocytic
budding in high-pressure frozen, freeze-substituted, and
resin-embedded yeast cells [26]. The branched architecture
of actin filaments associated with clathrin-coated pits has
also been revealed by these techniques on platinum replica
of unroofed mammalian cells [73]. The next step now is to
directly image these structures in cryo-immobilized frozen
hydrated cells in which molecular resolution is preserved
due to the lack of stains and chemical fixatives, which gen-
erally damage and/or mask real molecular densities [107].
The development of electron microscopy instrumentation
and software for correlative light and cryo-electron tomog-
raphy, as well as addressing the technical difficulties asso-
ciated with handling and imaging thinned frozen hydrated
cells, are key challenges which promise to provide further
exciting insight in the future [108-111]. More advances
in the field are also expected from the emerging live-cell
fluorescence nanoscopy technologies such as STORM
(Stochastic Optical Reconstruction Microscopy [112] or
STED (Stimulated Emitted Depletion) [113], which cir-
cumvent the diffraction limit of light microscopy. Although
these technologies do not yet offer sufficient spatiotempo-
ral resolution to analyze the process due to the fast dynam-
ics of the endocytic machinery, the incessant improvement
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of probes, lasers, detectors, and algorithms is, however,
expected to challenge these issues in the next future (for a
review, see [114, 115]). Real-time imaging of PM deforma-
tion associated with the dynamics of the endocytic com-
ponents could be potentially resolved by combining the
nanoscopy fluorescence techniques with approaches that
detect the PM topology in living cells such as IRM (Inter-
ference Reflection Microscopy) [116], pTIRFM (polarized-
Total Internal Reflection Fluorescence Microscopy) [117]
or SICM (Scanning Ion Conductance Microscopy) [118].
Because the basic molecular mechanisms of the process are
evolutionarily highly conserved, yeast cells will certainly
continue to provide an essential powerful genetic tool for
unraveling the molecular mechanisms of endocytic budding
by most of these approaches.
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