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Evolving models for assembling and shaping

clathrin-coated pits

Zhiming Chen® and Sandra L. Schmid®

Clathrin-mediated endocytosis occurs via the assembly of clathrin-coated pits (CCPs) that invaginate and pinch off to form
clathrin-coated vesicles (CCVs). It is well known that adaptor protein 2 (AP2) complexes trigger clathrin assembly on the plasma
membrane, and biochemical and structural studies have revealed the nature of these interactions. Numerous endocytic
accessory proteins collaborate with clathrin and AP2 to drive CCV formation. However, many questions remain as to the
molecular events involved in CCP initiation, stabilization, and curvature generation. Indeed, a plethora of recent evidence
derived from cell perturbation, correlative light and EM tomography, live-cell imaging, modeling, and high-resolution
structural analyses has revealed more complexity and promiscuity in the protein interactions driving CCP maturation than
anticipated. After briefly reviewing the evidence supporting prevailing models, we integrate these new lines of evidence to
develop a more dynamic and flexible model for how redundant, dynamic, and competing protein interactions can drive
endocytic CCV formation and suggest new approaches to test emerging models.

Introduction

The roles of clathrin-coated vesicles (CCVs) in nutrient uptake
(Roth and Porter, 1964) and rapid recycling of synaptic vesicles
(Heuser and Reese 1973) were first observed decades ago by EM.
Subsequent purification of coated vesicles from pig brains
(Pearse, 1975) led to the identification of clathrin triskelia (Fig. 1
A) as the major constituents of these coated vesicles (Pearse,
1976; Ungewickell and Branton, 1981). Clathrin was found to
spontaneously self-assemble into closed empty “cages” under
low-pH and low-salt conditions (Woodward and Roth, 1978) and
form “coats” under physiological conditions in the presence of
AP2 (adaptor protein 2) complexes (Fig. 1 C), the second major
coat constituent (then named “assembly proteins”; Pearse and
Robinson, 1984; Zaremba and Keen, 1983). These findings led
naturally to a model in which assembly of the clathrin coat was
sufficient to drive deformation of the underlying membrane to
create invaginated clathrin-coated pits (CCPs). While subse-
quent in vitro studies of clathrin and AP2 assembly on lipid
monolayers (Ford et al., 2001) or liposomes (Dannhauser and
Ungewickell, 2012) have supported this still-prevalent model,
in cells, the situation appears to be more complex and certainly
far from understood. Thus, while in its late 50s, clathrin-
mediated endocytosis (CME) is considered a “mature” field,
many questions regarding the mechanisms controlling CCP
assembly, maturation, and fission remain un- or incompletely
answered. As the American historian Daniel Boorstin said, “The

greatest obstacle to discovery is not ignorance, it is the illusion
of knowledge.”

In this perspective, we discuss past and recent literature that
has spurred new and lively debates regarding the mechanisms
underlying clathrin assembly and curvature generation during
CCP invagination. We then integrate these new findings and
propose a dynamic, flexible, and nonlinear model for CCP as-
sembly and maturation that begs for additional experiments to
rigorously test it. We do not discuss curvature generation at the
neck of deeply invaginated CCPs or the dynamin-driven fission
machinery that mediates the final stages of CCV formation, as
these have been extensively reviewed (and debated) elsewhere
(Antonny et al., 2016; Kaksonen and Roux, 2018; Mettlen et al.,
2018; Schmid and Frolov, 2011). Importantly, CCV formation
continues to serve as a paradigm for much of vesicular trans-
port; thus, understanding the mechanisms underlying CME
provides a foundation for understanding intracellular mem-
brane trafficking.

AP2-mediated clathrin assembly

Insights from biochemical and structural studies

Clathrin by itself does not interact with cell membranes. Rather,
clathrin assembly is triggered on the plasma membrane (PM) by
adaptor proteins, in particular AP2, a heterotetrameric complex
composed of a, B2, 2, and o2 subunits (Fig. 1 C). AP2 binds
to clathrin, PM-enriched phosphatidylinositol 4,5-bisphosphate
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Figure 1. Known AP2-clathrin interactions. (A) Diagram of a clathrin triskelion that is composed of three heavy chains and three light chains. Each heavy
chain contains an NTD (dark green), which connects to an ankle region (magenta), a distal leg (light green), and a proximal leg (pink) where light chain (purple)
binds. (B) Structure of the NTD, which contains four known binding sites defined by key residues (shown by spheres): the clathrin-box (red), W-box (orange),
arrestin-box (blue), and Royle-box (magenta; Lemmon and Traub, 2012; Willox and Royle, 2012; modified from PDB accession no. 1BPO). (c) Diagram of the
heterotetrameric AP2 complex composed of a, B2, p2, and 62 subunits. The clathrin binding sites are located on the hinge region (i.e., the LLNLD clathrin-box
motif) of the B2 subunit (shown in red). (D) Structure of the B2-appendage domain (modified from PDB accession no. 1F42), which contains two additional
clathrin binding sites bearing key residues, Y815 and Y888 (shown by spheres). Solid red and magenta lines indicate interactions mediated by the clathrin-box

and B-appendage domains, respectively.

(PI(4,5)P,), and endocytic sorting motifs encoded in cytoplasmic
tails of cell surface receptors, for example nutrient receptors for
transferrin (Tfn) or low-density lipoproteins, and signaling re-
ceptors such as the EGF receptor or G-protein-coupled receptors
(i.e., cargo; Cremona and De Camilli, 2001; Owen et al., 2004;
Traub and Bonifacino, 2013). Thus, AP2 complexes couple coat
assembly to cargo recruitment. Rigorous biochemical, biophys-
ical, and structural studies have mapped clathrin interactions to
two regions on the B2 subunit of AP2 (Fig. 1): (1) a now-canonical
clathrin-box motif (encoded by amino acids, LLNLD) located on
the unstructured hinge region, which binds to the clathrin-box
located on the N-terminal B-propeller domain (NTD) of the
clathrin heavy chain (Shih et al., 1995; ter Haar et al., 2000); and
(2) two less-well-defined binding sites located on the sandwich
and platform domains of the f2 appendage, which require Y815
or Y888, respectively, and likely bind to a region within the
ankle/distal leg of the clathrin heavy chain (Edeling et al., 2006;
Schmid et al., 2006). Although the B2 hinge and appendage
domains cooperatively interact with the NTD, in vitro pull-down
experiments have shown that the clathrin-box motif plays the
strongest role in mediating AP2-clathrin interactions. However,
the relative importance of the two binding sites on the B2-
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appendage domain in clathrin interactions remains unclear, as
studies differ in whether mutation of Y888 (Schmid et al., 2006)
or Y815 (Edeling et al., 2006) most disrupted AP2-clathrin
interactions.

Beyond AP2-clathrin interactions, the appendage domains of
the o and B2 subunits, as well as the NTD, are interaction “hubs”
that recruit a myriad of endocytic accessory proteins (EAPs) to
coated pits in a dynamic and multivalent manner to facilitate
clathrin assembly, cargo loading, curvature generation, fission,
and coat disassembly (McMahon and Boucrot, 2011; Schmid and
McMahon, 2007).

An unexpected complexity in AP2-clathrin interactions detected in
living cells

While seemingly well understood biochemically, in-cell experi-
ments are not fully consistent with prevailing models that focus
on the clathrin-box-mediated interactions as the drivers of coat
assembly. For example, B2 subunits lacking the LLNLD clathrin-
box motif are still recruited to CCPs, while those bearing mu-
tations in both appendage domain binding sites (Y815A/Y888A)
are not (Edeling et al., 2006). Correspondingly, chemically in-
duced targeting of an FK506-binding protein fusion of the

Journal of Cell Biology
https://doi.org/10.1083/jcb.202005126

920z Arenuged 60 U0 3senb Aq 4pd 921500202 A0/ Z¥8ESL/9Z 1 5002029/6/6 .2/4Ppd-8joe/qol/Bi0"sseidnu//:dny woy papeojumoq

20f12


https://doi.org/10.1083/jcb.202005126

B2 hinge-appendage domain to the PM was much more effective
in recruiting clathrin and “hot-wiring” CME (Wood et al., 2017)
than similar constructs derived from the Bl or 3 subunits of
related clathrin adaptor protein complexes, AP1 and AP3, re-
spectively, even though the clathrin-box motif in their hinge
regions is conserved. In addition, knockdown and reconstitution
studies have shown that CME cargo uptake can be restored by
clathrin bearing point mutations that disrupt clathrin-box in-
teractions in vitro (Collette et al., 2009; Willox and Royle, 2012).
Indeed, point mutations disrupting any of the four known
binding sites on the NTD, even in combinations of threes, do not
impair the ability of clathrin to support Tfn endocytosis; CME is
only severely inhibited when all four sites are disrupted or the
NTD is deleted in its entirety (Willox and Royle, 2012).

Given the diversity and divergence of clathrin interacting
motifs (Lemmon and Traub, 2012), AP2 could bind to clathrin in
a promiscuous manner, as has been proposed in a “line-fishing”
model for AP180-clathrin interactions (Zhuo et al., 2010). In this
model, degenerate binding motifs in the unstructured/intrinsi-
cally disordered domain of AP180, another assembly protein/
adaptor, are proposed to interact with the clathrin NTD through
weak, promiscuous, and transient interactions. In support of
this model, a recent x-ray crystallography study revealed that
the clathrin-box motif of f2-adaptin can, indeed, bind to mul-
tiple sites on the NTD, including the clathrin-box site (Muenzner
et al., 2017). This promiscuity, which appears to be encoded both
in the degenerative binding motifs (Lemmon and Traub, 2012)
and their binding sites, allows for multiple, low-affinity, and
transient interactions between AP2 complexes and clathrin
triskelia. This would give added flexibility to mechanisms by
which AP2 nucleates clathrin assembly and enable structural
diversity among CCPs (Sochacki and Taraska, 2019) while
maintaining the stability of the clathrin coat. The dynamic,
nonspecific interactions could also accommodate interchanges
between AP2 and other clathrin-binding EAPs, which are critical
for CCP maturation (McMahon and Boucrot, 2011; Mettlen et al.,
2018; Schmid and McMahon, 2007).

Consistent with the potential promiscuity of B2-NTD inter-
actions, another recent study (Chen et al., 2020) reported the
unexpected finding that a linear peptide encoding key residues
that define the W-box site, which was predicted to bind to only
SNX9 and amphiphysin (Lemmon and Traub, 2012), potently
and rapidly displaced AP2 complexes from CCPs and inhibited
NTD-AP2 interactions in vitro. The W-box binding site spans
the surface of three blades of the B-propeller and is oriented
toward the membrane. That a linear peptide can compete with
AP2-NTD interactions at low-micromolar concentrations sug-
gests that binding between these two proteins involves surface
residues rather than residues buried within binding pockets.
Together, these observations suggest that prevailing models for
AP2-clathrin interactions should be revisited.

Recent structural studies have also questioned the role of
clathrin-box motifs and their binding site in mediating AP2-
clathrin interactions. Two new cryo-EM studies have deter-
mined the structures of AP2 and clathrin-coated buds formed on
PI(4,5)P,- and cargo-containing membranes (Kovtun et al.,
2020) and of native CCVs purified from bovine brains (Paraan
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et al., 2020). Surprisingly, the 2-hinge could not be detected in
either structure, and no evidence for its binding to the NTD
binding sites could be found, suggesting that these interactions
are weak and transient, variable, or both. Instead of the expected
B2-hinge-NTD interactions, both cryo-EM structures revealed
that one B2-appendage domain cross-links two adjacent clathrin
NTDs, bringing the NTD into contact with its neighboring
clathrin ankle region, presumably to promote clathrin cage as-
sembly (Paraan et al., 2020). Consistent with their predominant
role in the recruitment of overexpressed B2 adaptins to CCPs
in vivo (Edeling et al., 2006), the B2-appendage binding sites
(Y815 and Y888) seem to interact more consistently with two
sites on the clathrin ankle and the Royle-box site on the NTD
(Kovtun et al., 2020; Paraan et al., 2020). Interestingly, these two
sites on the B2 appendage are also binding sites for other EAPs
and adaptors; Y815 in the sandwich domain is required for
binding AP180/CALM (phosphatidylinositol binding clathrin
assembly protein), Epsl5, and autosomal recessive hypercho-
lesterolemia, whereas Y888 in the platform domain is required
for binding B-arrestins and epsin (Edeling et al., 2006; Schmid
et al., 2006). This engenders a dynamic competition between
EAPs and clathrin for binding sites on AP2.

CCP stabilization and maturation

Once triggered, clathrin assembles in a cooperative manner on
the PM (Moskowitz et al., 2005). However, early live-cell studies
revealed that a significant portion (30-50%) of nascent CCPs fail
to mature and spontaneously abort (Ehrlich et al., 2004; Loerke
et al., 2009). Several factors appear to be required to stabilize
nascent CCPs, including conformational changes in AP2 (Kadlecova
et al, 2017) required to enhance PI(4,5)P, and cargo binding
(Edeling et al., 2006; Jackson et al., 2010; Kelly et al., 2014), cargo
loading (Ehrlich et al., 2004; Kadlecova et al., 2017; Loerke et al.,
2009), and several “pioneer” EAPs, so named because they act
during early stages of CME (Cocucci et al., 2012; Ma et al., 2016;
Ritter et al., 2013; Wang et al., 2020).

Among the pioneer EAPs required for early stabilization of
nascent CCPs are the scaffold proteins Epsl15 and Fchol (Cocucci
et al., 2012; Ma et al., 2016; Wang et al., 2020), both of which
bind AP2 and each other through multiple low-affinity bind-
ing motifs and protein interaction domains. Interestingly, a
recent study has revealed that Epsl5 coassembles with
substoichiometric amounts of Fchol to form phase-separated
liquid-like protein droplets (Day et al., 2019 Preprint), a property
shared by its yeast homologue, Edel (Kozak and Kaksonen, 2019
Preprint). In an elegant series of experiments, the Stachowiak
group used different degrees of light-inducible oligomerization of
an Eps15-Cyr2 fusion protein to show that low levels of light-
induced protein interactions, compatible with liquid-like as-
semblies, were essential for efficient endocytosis but that more
extensive interactions induced at higher light intensities in-
hibited CME (Day et al., 2019 Preprint). The authors suggest that
rapid assembly and dynamic exchange of protein components,
analogous to those involved in liquid-liquid phase transitions,
were required for CCP initiation and maturation. Indeed, com-
ponents of the endocytic machinery bear many of the hallmarks
of proteins involved in liquid-liquid phase separation, including
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(1) the presence of large intrinsic disorder domains (IDDs;
Elbaum-Garfinkle et al., 2015; Wei et al., 2017; e.g., CALM, epsin,
and AP2), (2) multivalency (Banjade and Rosen, 2014; Li et al.,
2012; e.g., AP2, clathrin, Epsl5, and intersectin), and (3) low-
affinity interaction domains (e.g., EH and SH3 domains, AP2
appendage domains, and the clathrin NTD) that recognize short
linear motifs (Brett et al., 2002; Miliaras and Wendland, 2004;
Mittag and Parker, 2018). However, these features are also in-
tegral to properties previously ascribed to interactions among the
components of the CME machinery (McMahon and Boucrot,
2011; Schmid and McMahon, 2007). These include cooperativ-
ity, avidity (or coincidence detection when multiple interacting
partners are involved) and “matricity,” which was defined by
McMahon as stabilized interactions with a geometrically defined
scaffold, such as the clathrin lattice (McMahon and Boucrot, 2011;
Schmid and McMahon, 2007). Whether the additional, well-
defined physical properties of a liquid-liquid phase separation
(Banani et al., 2017; Shin and Brangwynne, 2017) are met during
the short lifetime and within the restricted volume of a CCP
remains to be determined.

Nonetheless, CCP stabilization and growth clearly require a
combination of multiple, likely redundant and promiscuous low-
affinity interactions characterized by dynamic instability of the
early intermediates. What then drives the vectorial process of
CCP maturation? Recent evidence suggests that curvature gen-
eration at CCPs might be the tipping point (Wang et al., 2020).
However, the mechanisms driving curvature generation at CCPs
are incompletely understood and remain controversial.

Two historical models for curvature generation during coated

pit invagination

From the outset, after Kanaseki and Kadota first observed the
polygonal proteinaceous lattice surrounding isolated coated
vesicles by negative stain (Kanaseki and Kadota, 1969), they
hypothesized that membrane curvature was driven by the coat
and would require the conversion of hexagons to the prereq-
uisite 12 pentagons needed to generate a closed structure. This
model was supported by John Heuser’s seminal observations
made by quick-freeze deep etch of clathrin lattices on the ad-
herent surface of fibroblasts (Heuser, 1980). Heuser observed
flat lattices composed almost entirely of hexagonal arrays, curved
lattices composed of hexagons and pentagons and completed
coated vesicles bearing 12 pentagons. He also frequently observed
adjacent pentagons and heptagons, which he suggested were in-
termediates in the conversion of hexagons to pentagons, struc-
tural rearrangements in the coat needed to generate curvature.
This structural diversity of CCPs has since been observed in many
cell types using multiple modes of light microscopy and EM
(Sochacki and Taraska, 2019).

Support for a flat-to-curved transition derived from EM
studies of the reassembly of coated pits on the upper surfaces of
fibroblasts after recovery from K* depletion, which arrests CCP
formation (Larkin et al., 1983). The authors observed the early
(2-5 min after restoring K*) appearance of small flat lattices
composed entirely of hexagons, which grew in size. Curved pits
were not detected until later time points (5-10 min) after re-
covery (Larkin et al., 1986). Based on these early studies,
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Figure 2. Two extreme models for curvature generation at CCPs: Con-
stant curvature versus constant area. The constant curvature model
predicts that curvature is acquired along with clathrin assembly, whereas the
constant area model predicts that curvature is acquired by rearrangements of
the clathrin lattice after its complete assembly.

conversion of initially flat lattices to curved CCPs was the pre-
dominant model for decades. However, starting in the late
1980s, increasingly higher resolution cryo-EM structural studies
of clathrin cages (Fotin et al., 2004; Smith et al., 1998; Vigers
et al., 1986) revealed the extensive nature of interactions be-
tween two pairs of antiparallel proximal and distal legs of as-
sembled triskelia that form the ridged edges of the completed
polygon. Therefore, it was argued that disentangling the clathrin
lattice once assembled would be energetically unfavorable and
that indeed curvature must be built into the coats as they as-
semble (Kirchhausen, 2009; Kumar and Sain, 2016).

Two extreme models have emerged from these clathrin-
centric views for curvature generation at CCPs, referred to as
the “constant curvature” model and the “constant area” model
(Fig. 2). In their simplest forms, the two models make distinct
predictions that, in principle, can be tested by high-resolution
microscopy methods. The constant curvature model predicts
that curvature generation accompanies coat assembly, whereas
the constant area model predicts that complete coat assembly
precedes a flat-to-curved transition to generate curvature.
Several recent studies applying correlative light-EM (CLEM)
tomography (Avinoam et al., 2015), correlative light/quick-
freeze deep etch microscopy (Bucher et al., 2018), live-cell po-
larized total internal refection fluorescence (TIRF) microscopy
(Scott et al., 2018), live-cell high-speed atomic force microscopy
(Yoshida et al., 2018), and live-cell TIRF structured illumination
microscopy (SIM; Willy et al., 2019 Preprint), as well as theoret-
ical modeling of these data (Kumar and Sain, 2016), have at-
tempted to distinguish between these two models by testing
these predictions. However, no consensus has emerged, and data
are interpreted to support the constant area model (Avinoam
et al,, 2015), the constant curvature model (Willy et al., 2019
Preprint), a two-stage flat-to-curved process (Bucher et al.,
2018; Yoshida et al., 2018), or a versatile process dependent on
membrane tension and EAPs (Scott et al., 2018).

The discrepancy regarding the constant curvature versus
constant area model may lie in the limitations of current tech-
nologies. EM and CLEM studies look at single static snapshots,
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Figure 3. Potential mechanisms of curvature generation/stabilization at CCPs. Left to right: Scaffolding effect via imprinting the curved clathrin coats;
scaffolding effect via imprinting the intrinsic shape of dimeric BAR domains (e.g., in Fchol/2, endophilin, amphiphysin, and SNX9); wedging effect via hy-
drophobic insertion of amphipathic helices (e.g., in epsinl, AP180/CALM, endophilin, and amphiphysin); and crowding effect via steric force generated by the
accumulation of proteins encoding large intrinsically disorderd domains (e.g., in epsinl, Fchol/2, AP180/CALM, and amphiphysin).

and whether the different structures are indeed intermediates
along a single, productive pathway is ambiguous, especially
given the prevalence of abortive CCPs (Ehrlich et al., 2004;
Loerke et al., 2009). Live-cell imaging derives an average over
many structures that may not reflect the behavior of individuals.
Moreover, CLEM, live-cell TIRF-SIM, and high-speed atomic
force microscopy all involve analysis of a selected subset of
(typically larger and longer-lived) CCPs that may not represent
the whole, especially given the structural heterogeneity of CCPs,
even within single cells (Heuser, 1980; Sochacki and Taraska,
2019). Thus, there exists a need for technical advances that can
ensure unbiased, live-cell tracking and analysis of individual
coated pits with higher resolution and more accurate determi-
nation of curvature development. Curvature detection by po-
larized TIRF in live-cell CCP represents a promising technical
advancement. Polarized TIRF studies show that approximately
half of the clathrin coats acquired curvature at the very begin-
ning of clathrin assembly, whereas the other half showed a
variable delay before the onset of curvature acquisition (Scott
et al.,, 2018). Based on these observations, the two extreme
models may not be, and indeed are unlikely to be, mutually
exclusive, as has been suggested (Sochacki and Taraska, 2019).

Potential mechanisms and players involved in curvature generation
and stabilization during coated pit invagination

While the clathrin lattice undoubtedly contributes to curvature
generation and/or curvature stabilization at CCPs (Fig. 3), it is
now clear that numerous EAPs are also required. Indeed, when
AP2 is outcompeted by overexpression of Dab2 and its cargo, the
low-density lipoprotein receptor, clathrin assembles into large
flat lattices (Mettlen et al., 2010). Similarly, when EAP recruit-
ment is perturbed by replacing endogenous a-adaptins with a
C-terminally truncated construct lacking the EAP-recruiting
appendage domain, the result is the assembly of diffraction-
limited (~100-200 nm in diameter) flat clathrin lattices that
rapidly turn over as abortive CCPs (Aguet et al., 2013).

EAPs can assist in membrane curvature generation and/or
stabilization at CCPs by any of the following general mecha-
nisms, which have been extensively reviewed elsewhere
(Bassereau et al., 2018; Haucke and Kozlov, 2018): (1) scaffolding
of membranes on intrinsically curved BAR (Binl/Amphiphysin/
Rvs) domains, (2) asymmetric expansion of the inner membrane
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leaflet by insertion of hydrophobic residues or loops, and/or (3)
asymmetric molecular crowding on the inner leaflet (Fig. 3).
Epsins (Ford et al., 2002; Snead et al., 2017) and CALM (Miller
et al.,, 2015) have been implicated in curvature generation at
CCPs, although the mechanism of action remains in dispute.
Both proteins encode ANTH/ENTH (AP180/Epsin N-terminal
homology) domains that bear N-terminal amphipathic HO heli-
ces that can insert into the lipid bilayer, as well as long IDDs,
which occupy large volumes that can also function as potent
membrane curvature generators (Busch et al., 2015; Snead et al.,
2019; Zeno et al., 2018). Recent in vitro studies involving careful
quantitative measurement of protein density on the membrane
and mutagenesis to disrupt the HO helix have revealed that
curvature generation by epsinl is induced by a crowding effect
rather than by hydrophobic insertion (Snead et al., 2017). In
contrast, in vivo knockdown and reconstitution studies of CALM
(Miller et al., 2015) and overexpression studies of epsin mutants
(Ford et al., 2002) have suggested a requirement for a functional
HO helix to support CME. Additional quantitative knockdown
and reconstitution studies that more directly measure curvature
generation at CCPs are needed to test the relative contributions
of these two curvature-generating modes in CME. Nonetheless,
given the confined space within a growing CCP and the fact that
AP2 complexes, CALM, and epsins, which are among the most
abundant components of CCVs after clathrin (Paraan et al.,
2020), all encode IDDs, molecular crowding is likely to have a
significant effect in developing curvature during CCP matura-
tion. Consistent with this, polarized TIRF (Scott et al., 2018) and
superresolution CLEM (Sochacki et al., 2017) revealed that
CALM became more concentrated at CCPs during membrane
bending. Importantly, depending on the temporal hierarchy of
their activities, these EAPs could contribute to either constant
curvature and/or constant area modes of curvature generation
at CCPs.

Other EAPs could contribute to clathrin-dependent curvature
formation at CCPs by catalyzing rearrangements of the clathrin
lattice. Thus, the uncoating EAPs (Hsc70, auxilin, and GAK)
might be recruited during CCP assembly to allow the dynamic
exchange of clathrin that is required for a flat-to-curved tran-
sition (Kaksonen and Roux, 2018). Indeed, high turnover rates of
clathrin at CCPs were observed in fluorescence recovery after
photobleaching experiments, with recovery halftimes varying
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from ~2 to ~10 s depending on experimental differences in cell
line, temperature, and bleaching area (Avinoam et al., 2015;
Loerke et al., 2005; Wu et al., 2001). This function of uncoating
EAPs is supported by a recent study in a cell-free reconstitution
system suggesting that Hsc70 regulated the dynamic instability
of clathrin assembly (Chen et al., 2019). However, another study
was unable to detect either endogenously tagged auxilin or GAK
at CCPs during the early stages of maturation (He et al., 2020).
Further functional studies in living cells, which will be compli-
cated by functional redundancies described below, will be re-
quired to resolve this discrepancy.

The recent cryo-EM-based structural studies of native CCVs
and membrane-bound AP2/clathrin buds have also provided
some insight into curvature generation. Interestingly, AP2
complexes are not uniformly distributed on the clathrin coat but
are depleted from curvature-essential pentagons (Kovtun et al.,
2020; Paraan et al., 2020). Consistent with this, the flat-to-
curved transition of clathrin coats has been reported to be
marked by a decrease in the AP2/clathrin ratio (Bucher et al.,
2018). AP2 levels in CCPs begin to decrease 15-20 s before the
point when CCV scission occurs, while CALM levels continue to
increase until CCV scission (Loerke et al., 2011; Miller et al.,
2015). These combined observations suggest two potential
mechanisms for the formation of pentagons: (1) clustered AP2
complexes nucleate clathrin assembly as hexagons, and then
AP2 complexes in some hexagons are replaced by other adaptors
(i.e., CALM or epsinl, which have intrinsic membrane curvature-
sensing/generating ability) triggering the formation of penta-
gons as curvature is acquired; and (2) colocalized AP2 com-
plexes and other adaptors (i.e., CALM or epsinl) simultaneously
recruit and assemble clathrin to favor pentagon assembly.
While further studies are needed to test whether and how AP2
and EAPs might affect clathrin assembly into hexagons versus
pentagons, mechanism 1 fits a flat-to-curved transition model,
while mechanism 2 fits the constant curvature model. The two
mechanisms may coexist and be determined by the environ-
mental factors that exist within subdomains of the PM, in-
cluding local membrane tension (Boulant et al., 2011; Sheetz
and Dai, 1996), stochastic availability of curvature-stabilizing/
generating proteins, and the concentration and bulk of cargo
molecules (Busch et al., 2015).

The plasticity and resilience of CME

Further complicating the development and testing of models for
CCV formation are observations establishing the plasticity and
resilience of CME. For example, several whole-genome screens
based on receptor internalization have failed to identify EAPs
(Collinet et al., 2010; Gulbranson et al., 2019; Kozik et al., 2013),
suggesting that they are functionally redundant and/or that
compensatory mechanisms can be induced to restore efficient
CME. Indeed, Tfn receptor uptake was not significantly im-
paired even when the ability of AP2 to interact with multiple
EAPs was disrupted by deleting the a-appendage domain (Aguet
etal., 2013; Motley et al., 2006), and a compensatory mechanism
and signaling pathway accounting for this resilience has been
identified (Reis et al., 2015). Even AP2 complexes are not re-
quired for all forms of CME (Motley et al., 2003; Pascolutti et al.,
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2019). These observations likely reflect three key features of the
protein interaction networks that drive CME: (1) the many EAPs
have overlapping and/or redundant functions, i.e., as AP2 acti-
vators, assembly proteins, scaffolds, and/or curvature gen-
erators (McMahon and Boucrot, 2011; Mettlen and Danuser,
2014); (2) most EAPs function at low, substoichiometric concen-
trations and mediate multivalent but low-affinity and potentially
promiscuous interactions (Perkins et al., 2010); and (3) the in-
teraction hubs, AP2, and clathrin bind to and compete for over-
lapping partners (Edeling et al., 2006; Schmid and McMahon,
2007). These features ensure the dynamic instability and flexi-
bility of this pathway. They further suggest that current, linear
models of CME progression might not adequately capture its dy-
namic, stochastic, and plastic nature.

A dynamic model for CCP initiation, stabilization, and maturation
Prevalent models of CME suggest that the endocytic machinery
is organized in functional “modules,” including nucleators, cargo
selectors, coat components, curvature generators, and the scis-
sion machinery that act in a prescribed sequential manner. This
concept emerged from influential studies on the temporal
(Kaksonen et al., 2005) and spatial (Mund et al., 2018) rela-
tionships of EAP recruitment to sites of endocytosis in yeast and
to CCPs in mammalian cells (Taylor et al., 2011), as well as from
analysis of interactions among components of the endocytic
machinery (Brett et al., 2002; Olesen et al., 2008; Praefcke et al.,
2004). However, the new data described above suggest the need
for a more dynamic model for AP2-clathrin interactions and
EAP involvement during early stages of CCP initiation and sta-
bilization, followed by a more stochastic phase of curvature
generation and maturation, potentially along multiple paths
(Fig. 4). This nonlinear model is supported by the structural
diversity of CCPs detected in many cell types (Sochacki and
Taraska, 2019), the variable effects of EAP depletion on CME
and CCP dynamics, and the coexistence of curved, flat, and
nonterminal CCPs (Perrais and Merrifield, 2005). It is also
supported by the broad, Rayleigh-like distribution of CCP life-
times, which range from ~20 to >120 s as measured by quan-
titative TIRF microscopy (Aguet et al., 2013). A peak of the CCP
lifetime distribution curve at ~30 s identifies the average timing
of key regulatory events, which are proposed to reflect a fidelity-
monitoring, potentially kinetic, checkpoint governing progres-
sion to productive CCPs (Chen et al., 2019; Henry et al., 2012;
Loerke et al., 2009; Mettlen et al., 2018). The peak in lifetime
distribution is followed by an exponentially declining phase that
suggests a more stochastic determination of overall CCP life-
times, which end upon further recruitment and activation of the
dynamin fission machinery during the last ~10-20 s of a CCP’s
lifetime. The lifetimes of CCPs are not limited by the extent of
recruitment of AP2, clathrin (Loerke et al., 2011; Mettlen et al.,
2010), or cargo (Liu et al,, 2010). Thus, what determines the
timing of recruitment and activation of the fission machinery
remains unknown. Similarly, what properties (molecular,
physical, or kinetic) of CCP progression determine whether a pit
is productive or aborted remains unknown.

The importance of cargo and PI(4,5)P, interactions in the
recruitment and allosteric activation of AP2 complexes at the
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Figure 4. A more dynamic and flexible model for CCP initiation, stabilization, and maturation. Top: Multivalent interactions between variable subsets of
AP2-interacting EAPs (e.g., Eps15, Fchol, ITSN, and/or NECAP) regulate the nucleation and stabilization of nascent CCPs. Cooperative clathrin lattice assembly
further reinforces opportunities for avidity and matricity to stabilize growing CCPs. During CCP assembly and maturation, clathrin, AP2, and EAPs engage in
multivalent, transient, and competitive interactions, as detected by rapid exchange of both clathrin and EAPs (blue arrows). Middle: Depending on the local
environment, the nature of cargo, or even the state or type of the cell, the effects of the clathrin lattice, BAR-domain-containing proteins, hydrophobic in-
sertions, and molecular crowding could be integrated, to variable and in part interchangeable extents, to facilitate CCP invagination by one of several pathways.
Path 1 allows for curvature generation concomitant with CCP growth. Path 2 allows curvature to develop (potentially through a heptagonal intermediate
(Heuser, 1980), as illustrated) at the edges of flat lattices, which can serve as nucleating platforms for formation of multiple CCVs (i.e., nonterminal events).
Path 3 involves the conversion of flat lattices to curved pits requiring rapid clathrin exchange and rearrangements of the clathrin lattice. Each of these paths is
subject to an “endocytic checkpoint” that results in the abortive turnover of nonproductive CCPs. The exact molecular or physical nature of factors sensed by
the endocytic checkpoint and the mechanisms for turning over abortive CCPs remain to be determined. Inset shows an image from Steer and Hauser (1991)
generously provided by John Heuser) showing evidence for the coexistence of each of these pathways, from quick-freeze, deep-etched, and rotary-shadowed
micrographs that show the structural diversity of CCPs on the PM of cultured epithelial cells. Pentagons (yellow) and heptagons (cyan) were observed,
frequently adjacent to each other, in curved coats and/or on flat lattices potentially starting to gain curvature.

°
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membrane is well established (Edeling et al., 2006; Jackson et al.,
2010; Kadlecova et al., 2017; Kelly et al., 2014). In addition, we
propose that the regulated nucleation and stabilization of CCPs
requires conformational activation and potentially local clus-
tering of AP2 complexes mediated by multivalent interactions
between some variable subset of AP2-interacting EAPs (e.g.,
Epsl5, Fchol, ITSN, and/or NECAP; see also Cocucci et al., 2012;
Ma et al., 2016; Wang et al., 2020). Cooperative clathrin lattice
assembly would further reinforce opportunities for avidity and
matricity (analogous to phase separation?) and CCP stabilization.
Early curvature generation would also increase coat stability as
the ratio of unstable edges to a more stable interior of a clathrin
lattice would be decreased as curvature increases (Fig. 4, path 1).
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Consistent with this model, a recent analysis of live-cell TIRF
microscopy movies of CCP dynamics using a new algorithm
based on the fluctuation of clathrin intensities during CCP as-
sembly and growth indeed found that the rate of AP2 and
clathrin recruitment and early curvature generation were fac-
tors that distinguished abortive coats from stabilized CCPs
(Wang et al., 2020).

During CCP maturation, we propose that clathrin, AP2, and
EAPs engage in multivalent, transient, and competitive inter-
actions to accommodate fast clathrin assembly/disassembly,
perhaps during intermediate stages of lattice assembly. De-
pending on the local environment, the nature of cargo, or even
the state of the cell, the clathrin lattice, BAR-domain-containing
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proteins, hydrophobic insertions, and molecular crowding could
combine, to variable and in part interchangeable extents, to
facilitate CCP invagination at divergent stages during coat as-
sembly (Fig. 4, paths 2 and 3).

Dynamin-2 is a weak curvature generator but an effective
curvature sensor (Liu et al., 2011) and is recruited to CCPs via
interactions between its Pro/Arg-rich domain and SH3-domain-
containing EAPs (Bhave et al., 2020; Liu et al, 2011; McMahon
et al.,, 1997; Posor et al., 2013; Rosendale et al., 2019; Takei et al.,
1999). As several SH3-domain-containing binding partners of
dynamin also encode BAR domains (e.g., endophilin, amphi-
physin, and SNX9), the stochastic timing of dynamin-2 re-
cruitment to CCPs could reflect coincidence detection of
induced curvature at the necks of deeply invaginated CCPs
(Daste et al., 2017; Liu et al., 2011) and SH3-domain interactions.

Testing models for CCP assembly and maturation in living cells
The resilience and plasticity of CME have hindered the func-
tional analysis of AP2-clathrin interactions and the roles played
by individual EAPs during CCP assembly, stabilization, and
maturation. Previous efforts were primarily focused on using
protein knockdown/knockout or mutant reconstitution techni-
ques and usually using Tfn uptake as a readout. An obvious
drawback for these traditional approaches is the potential in-
duction of compensatory mechanisms due to the days or even
weeks of cell preparation. A much more sensitive approach to
detect effects on CME attributed to depletion of individual EAPs
is to measure changes in CCP dynamics, which can also be di-
agnostic of compensatory mechanisms, by quantitative TIRF
microscopy (Aguet et al., 2013; Wang et al., 2020). Indeed, a
recent study showed that measurements of Tfn-receptor uptake
in EAP-depleted cells frequently showed little or no correlation
to changes in CCP dynamics (Wang et al., 2020).

An innovative approach to mitigate induction of compensa-
tory mechanisms is to develop acute inhibitors that block spe-
cific and/or subsets of protein interactions thought essential for
CME. For example, the chemical inhibitor Pitstop2 was shown to
block clathrin-box interactions (von Kleist et al., 2011) and hence
recruitment of a subset of EAPs to CCPs. However, subsequent
studies have questioned its specificity and mechanism of action
(Lemmon and Traub, 2012; Liashkovich et al., 2015; Smith et al.,
2013; Willox et al., 2014). More recently, a small membrane-
permeant, TAT-tagged peptide inhibitor named Whox2 was
designed based on the critical residues that define the W-box
binding site on the clathrin NTD (Chen et al., 2020). Wbox2
strongly and acutely inhibited Tfn uptake and perturbed CCP
dynamics by interfering with NTD-AP2 and NTD-SNX9 inter-
actions (Chen et al., 2020). This approach might be especially
applicable to interfering with selected subsets of low-affinity
interactions between short linear motifs and their binding
modules (e.g., SH3, EH, NTD, and AP2 appendage domains)
abundant among components of the endocytic machinery. Sys-
tematic approaches, such as peptide phage display techniques
(Sidhu et al., 2003), could be used to identify peptides that can
acutely and specifically inhibit subsets of these protein inter-
actions. By combining acute inhibition with quantitative TIRF
microscopy, the effects of disrupting these interactions on
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discrete stages of CME could be measured and model predictions
tested.

Combining high spatial- and temporal-resolution techniques
such as SIM-TIRF, polarized TIRF, or epifluorescence/TIRF mi-
croscopy with measurements of the temporal hierarchy of ap-
pearance of individual EAPs to CCPs could also be used to test
model predictions. However, given the overlap in protein in-
teractions and hence competition among EAPs for recruitment
to CCPs, these studies need to be performed with genome-edited
cells so as not to change relative concentrations. Sensitivity then
becomes an issue, as even when endogenously tagged dynamin-1
(Srinivasan et al., 2018) or GAK/auxilin (He et al., 2020) cannot be
detected at CCPs, their effects on CCP dynamics can still be
measured (Mettlen et al., 2010; Srinivasan et al., 2018). Another
problem with this approach is that the kinetics of appearance of
EAPs at CCPs is measured as an average of all events; hence,
stochastic, transient interactions or the existence of multiple
pathways (Fig. 4) can become blurred. Comparing the dynamic
behaviors of EAP-positive versus negative subpopulations of CCPs,
which could be reflective of different pathways, could be in-
structive, especially if combined with quantitative measurements
of the numbers/stoichiometries of EAP molecules recruited to
productive CCPs. The above approaches, coupled to acute inter-
ference of specific interactions (i.e., with chemical and peptide
inhibitors), would confirm which protein interactions are being
disrupted and reveal the function of these players in CCP stabili-
zation and curvature development during CME.

Summary and implications

50 yr of biochemical and structural studies have culminated in
fully reconstituting the CCV cycle in vitro, thereby establishing a
strong foundation for the mechanisms underlying CME. How-
ever, in-cell experiments to probe the nature of clathrin-AP2
interactions, as well as the mechanism underlying curvature
development during CCP budding, have frequently yielded un-
expected results, highlighting the complexity of CME in living
cells. They have also revealed an unexpected degree of flexibility
and resilience in CME that is not captured in current linear
models of CME as depicted in textbooks and reviews. Here, we
have attempted to integrate the current literature, considering
not only the experimental findings themselves but also their
limitations and assumptions. We present a more dynamic,
flexible, and nonlinear model for how functionally redundant
EAPs and competing protein interactions can drive endocytic
CCV formation and compensate for the loss of individual com-
ponents of the endocytic machinery. This plasticity could play
out in tuning CME to the differing physiology of the multiple cell
types in the human body (e.g., neurons vs. hepatocytes vs.
myeloid cells) that have different requirements for CME and
exist in different physical environments. We know, for example,
that autosomal dominant alleles of dynamin-2, thought to be
essential for CME, result in muscle-specific and even age-
dependent disease phenotypes (Durieux et al., 2010). This re-
sult alone brings into question our assumptions regarding
mechanisms of endocytosis derived from studies of a small
subset of (typically cancer) cells in culture. This plasticity also
allows for adaptation of CME under pathological conditions,
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such as in cancer cells (Schmid, 2017). CME might be a mature
field, but technological advancements have opened new hori-
zons that rejuvenate it. As the British statistician George E.P. Box
said, “All models are wrong; some are useful.” Thus, future
studies using diverse cells not only in culture but also ultimately
in whole organisms are needed to test and then evolve these
models for understanding CME.
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