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Abstract

In this review, we describe the application of experimental data and modeling of intracellular
endocytic trafficking mechanisms with a focus on the process of clathrin-mediated endocytosis. A
detailed parts-list for the protein—protein interactions in clathrin-mediated endocytosis has been
available for some time. However, recent experimental, theoretical, and computational tools have
proved to be critical in establishing a sequence of events, cooperative dynamics, and energetics of
the intracellular process. On the experimental front, total internal reflection fluorescence
microscopy, photo-activated localization microscopy, and spinning-disk confocal microscopy have
focused on assembly and patterning of endocytic proteins at the membrane, while on the theory
front, minimal theoretical models for clathrin nucleation, biophysical models for membrane
curvature and bending elasticity, as well as methods from computational structural and systems
biology, have proved insightful in describing membrane topologies, curvature mechanisms, and
energetics.

1. Interactions mediating the clathrin-mediated endocytosis

Endocytosis is the process by which an intracellular vesicle is formed by membrane
invagination, engulfing extracellular and membrane-bound components. Endocytosis and
the reverse process of exocytosis are required for a large number of essential cell functions,
including nutrient uptake, cell-cell communication, and the modulation of membrane
composition. The central role of these transport mechanisms is well appreciated in receptor
regulation, neurotransmission, and drug delivery.1:2 Endocytosis exists in different forms:
phagocytosis, pinocytosis, receptor-mediated endocytosis (most commonly clathrin-
mediated endocytosis or CME, 3-11 which is the focus of this review). Other mechanisms
include caveolae-mediated endocytosis,}2 and transient poration induced by shocks to the
cellular microenvironment. There is accumulating evidence that endocytosis is not merely a
mundane transport process to assist in cargo trafficking; instead it features in crucial
regulatory roles.® Impaired deactivation of receptor tyrosine kinases!3 through attenuation of
endocytosis is linked to hyper-proliferative conditions such as cancer.141° Certain receptors
of the ErbB family, (e.g., ErbB4), have competing internalization pathways, i.e., endocytosis
vs. proteolytic cleavage, constituting a biochemical switch, which is implicated in the
regulation of cardiac development as well as in pathological signaling in neurological
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disorders such as Schizophrenia.16-18 Recent evidence suggests that various pre-synaptic
proteins regulating neurotransmission via endo/exocytosis are either mutated or over-
expressed in neurological and psychiatric disorders.1® The cellular endocytic machinery is
also co-opted by several bacterial and viral pathogens, including HIV, HSV and E. coli, to
gain entry into and infect otherwise healthy cells.20-23

Our current understanding of CME can be summarized by several steps (outlined in Fig. 1),
which include: (1) nucleation of clathrin-coated pits; (2) cargo capture in coated pits; (3)
curvature-induction and membrane invagination; (4) vesicle-scission and uncoating; and (5)
endosomal sorting. In the past 15 years, extensive studies of the individual steps have
yielded a detailed parts-list of the components of the CME machinery, which is outlined in
Box 1, see also Tables S1-S3 (ESIT). Such a list focuses on protein—protein interactions that
are believed to orchestrate the signaling environment as well as the protein-membrane
interactions in CME. However, as we discuss in this review, a functional and mechanistic
understanding of this process is still elusive despite the detailed enumeration of the
interactions. In Sections 2 and 3, we describe the complementary and synergistic role played
by theory and modeling in delineating the mechanistic underpinnings of the interactions of
the CME proteome. In Section 4, we conclude by outlining the outstanding challenges and
the outlook for future, which is centered on rationalizing the predictions of multiscale
biophysical models with emerging super-resolution imaging experiments.

BOX 1
Component “Parts” of CME
Clathrin

Clathrin monomers are made up of 3 light chains and 3 heavy chains arranged into
triskelia. The heavy chains contain the clathrin’s binding sites for most other proteins,
including AP-2 and other cargo-specific endocytic adaptors. The light chains bind
together to arrange clathrin into triskelia, preventing unstimulated polymerization of
clathrin heavy chains;24 they contain few binding sites, such as for HIP1R, a protein
involved in clathrin plaque endocytosis by recruiting the actin machinery.2®
Unsurprisingly, clathrin is essential for CME and plays major structural and biochemical
functions. The organization of clathrin monomers causes individual triskelia to possess
an intrinsic pucker angle, such that free-floating clathrin in high concentrations
spontaneously polymerizes into closed cages.26:27 One method by which CCV size may
be regulated is by tightly controlling the pucker angle of bound triskelia; indeed some
postulate that CALM protein does precisely this to control endocytic vesicle size. 28-30
Due to the intrinsic curvature of polymerized clathrin networks, it has also been
speculated that the growing clathrin coat in CCPs serves to fix the membrane into a
spherical bud.31:32 The second major function of the clathrin network is to activate
AAK1 via multiple heavy- and light-chain interactions.33 This activation allows AAK1
to unlock AP-2, which is required for cargo incorporation and stabilization of the
required AP-2 concentration at CCP sites. A list of important clathrin binding partners is
included in Table S1 (ESIT).

AP-2

AP-2 is an endocytosis-specific protein in a family of heterotetrameric adaptors widely
implicated in clathrin-mediated budding events, see Table S2 (ESIT); other family
members are involved in endosomal or trans-Golgi network vesicle formation.3* AP-2 is
initially recruited to the membrane by the Eps15/Intersectin/FCHo complex along with
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Epsin.3® Both Eps15 and Epsin possess multiple AP-2 binding motifs situated on long
unstructured domains; these domains extend out from the cytosolic face of the
membrane, recruiting a sufficient AP-2 concentration to begin clathrin polymerization.36
Clathrin network activation of AAK1 produces a conformational change in AP-2,
swinging the p2 domain out 90° such that it lies parallel to the membrane. This
rearrangement exposes AP-2 sites for direct cargo binding and indirect binding through
cargo-specific adaptors, as well as an additional, higher-affinity binding site for PIP,.37 If
cargo is captured in the CCP, the AP-2/cargo complex activates PIPK ly, which generates
an additional membrane PIP, that can sustain further CCP growth.38 This activation can
occur both directly, via AP-2 interaction with the PIPK kinase core domain, and
indirectly, via GEF/GTPase combinations like SMAP1/Arf6.39 The requirement of cargo
capture for PIPK Iy prevents unproductive CCPs from maturing, since the additional PIP,
production is required to overcome baseline synaptojanin phosphatase activity on
existing PIP,. Indeed the strict regulation of PIP, levels by AP-2 and cargo-dependent
signaling and synaptojanin activity is thought to be important throughout CME, and is
likely the mechanism of matching vesicle size to cargo content.49-42 Once cargo is
sequestered in the coated pit, the radial decay of the PIP, gradient prevents more AP-2
from binding. The residual curvature outside the PIP,-rich region allows amphiphysin to
bind, and its ability to bind clathrin extends the coat slightly beyond the AP-2 rich region.
This provides one explanation for the observed results of Kirchhausen et al. that AP-2 is
relatively enriched toward the back of the vesicle.#344 After vesicle scission, the
disassembly of the clathrin coat is partly mediated by AP-2 dissociation from the
vesicular membrane. This dissociation is dependent on Rab5 and hRMES6, which displace
AAKI1 from AP-2 to dephosphorylate the u2-subunit.> The resulting inactivation of the
AP-2 high-affinity PIP, binding site is coordinated with synaptojanin-mediated depletion
of membrane PIP,,46:47 releasing AP-2 from the membrane and generating enough
PI(4)P to recruit auxilin/GAK to the vesicle to finish the uncoating process.

Eps15

Eps15 is constitutively associated with CCPs in vivo, performing an essential function
from the time of CCP nucleation until deep invagination and scission of the CCV. As part
of the CCP nucleation complex (see Table S3, ESIT), Eps15 initiates coat assembly by
recruiting AP-2 and CALM to the plasma membrane.3>48-50 By binding multiple AP-2
molecules simultaneously, it can generate a sufficient local concentration to promote
clathrin polymerization. Since clathrin association with AP-2 disrupts the Eps15 binding
site, Eps15 is continually pushed to the rim of the growing CCP, where it can effectively
recruit AP-2 to increase the size of the clathrin coat.?9 In addition to recruiting additional
AP-2, Eps15 interacts with dynamin by complexing with intersectin, and recruits
dynamin to the membrane to permit deep invagination into a budding vesicle.?1°2 For
most classes of endocytic cargo, Eps15 is not incorporated into budding CCVs.%3 In the
case of the epidermal growth factor receptor (EGFR) or other poly-ubiquitinated cargo-
internalization, Eps15 serves as a cargo-specific adaptor protein.>* After Cbl-dependent
polyubiquitination of EGFR, Eps15 is phosphorylated on tyrosine residue 850 and
captures the EGFR via its ubiquitin-interacting motifs (UIMs), sequestering it into the
coated pit.%> Successful EGFR internalization is dependent on Eps15 phosphorylation,
and phosphopeptide experiments demonstrate that pTyr850 is likely a binding site for a
PTB-domain containing protein. Since unphosphorylated Eps15 does not remain within
endocytic coated pits, it is likely that the phosphotyrosine binding protein in question
serves to anchor the Eps15/EGFR complex within the coated pits. This prediction is
further supported by the knowledge that Eps15 interacts with sorting components further
downstream, such as Hrs and ESCRT proteins.>®

Epsin
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Epsin is an ENTH-domain protein that plays a role in mediating membrane curvature in
endocytic pits. Epsin binds membrane PIP, and inserts an amphipathic helix into the
membrane, producing a curvature-inducing deformation.>’ Epsin may also (similar to
Eps15) aid in recruiting AP-2 to the membrane by simultaneously binding up to 8 AP-2
molecules, and also like Epsi5 is displaced from AP-2 by clathrin binding.2% Although
epsin’s intrinsic capability for membrane association may theoretically allow it to persist
within CCPs, images of Epsin/Eps15 colocalization and more recent z coordinate-
sensitive methods of microscopy suggest that Epsin follows Eps15 in migrating to the
rim of growing coated pits. Epsin, like Eps15, also serves as a cargo-specific binding
protein and adaptor for ubiquitinated proteins, shuttling monoubiquitinated cargo to non-
clathrin endocytosis (NCE) and polyubiquitinated cargo to CME.*28:59 |nterestingly,
Epsin knockouts or Eps15 knockouts alone are not strongly deficient in CME of
ubiquitinated cargo, while multiple-knockout cells are, demonstrating that Epsin and
Eps15 may serve a redundant function as cargo-dependent adaptors.50

Amphiphysin

Amphiphysin is an N-BAR domain protein with curvature-sensing and curvature-
inducing capability. Its initial recruitment to the membrane is likely mediated by some
combination of affinity for AP-2 and clathrin, and attraction to the high-curvature neck
region of the forming CCV.51.62 Since the curvature-sensing and membrane-bending
ability of amphiphysin are both initially under autoinhibition, the early stages of
amphiphysin recruitment may be mediated by association with AP-2 and clathrin at the
CCP rim.51 The membrane localization of amphiphysin attracts dynamin dimers,®3 and
their association with amphiphysin releases its N-BAR domain from SH3 autoinhibition.
This recovers its membrane-tubulating ability, allowing the protein to further aggregate at
and constrict the vesicle neck. Together, the high local concentration of dynamin and
tubular nature of the neck allow dynamin to oligomerize into a helical collar interspersed
with amphiphysin.6264 Sorting nexin 9 (SNX9) has been shown in certain cell types such
as HeLa cells, which do not express amphiphysin, to perform the analogous function to
amphiphysin;®5-67 in amphiphysin-expressing cells the two proteins may perform a
redundant function.

Dynamin

Dynamin is initially recruited to the membrane neck by amphiphysin, and potentially also
by the Eps15/intersectin complex. As described above, dynamin then oligomerizes into a
helical collar,58 and proceeds to mediate vesicle scission in a GTP-dependent

manner. 369 The exact mechanism of scission is uncertain, but several models have been
put forward. The traditional view of dynamin is that it acts as a pinchase,59 physically
constricting the thin neck until thermal fluctuations are enough to mediate complete
breakage between the cell membrane and the vesicle. Supporting this view is evidence
that GTP hydrolysis by the dynamin collar produces a rotation in the helical protein
assembly, suggesting mechanical constriction of the neck.”%71 An alternate view is that
PIP, binding by the numerous dynamin pleckstrin homology (PH) domains at the vesicle
neck effectively induce phase separation with a high PIP, concentration at the neck and a
much lower concentration on the bulk membrane.’2 This phase separation generates an
energetic impetus to reduce the neck radius, in order to minimize the points of contact
between the high-PIP, and low-PIP, regions (i.e. reduce line-tension). Yet another
experimental study falls somewhere in between: reproducing the GTP-dependent helical
twisting, Roux et al. conclude that the mechanical force is not enough to split the vesicle
from the bulk membrane, necessitating additional driving force such as separation-
induced line tension.59

Synaptojanin
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Synaptojanin (specifically splice variant synaptojanin 1, a 170 kDa protein) is a
phosphoinositide phosphatase that plays a general regulatory role in CME and a large
role in disassembly of the clathrin coat after vesicle budding. It converts membrane PIP3
to PIP,, and PIP, to PIP, and is recruited to the membrane by endophilin.4’ Since PIP,
levels must be tightly regulated during endocytosis, synaptojanin is required even before
the vesicle uncoating step;’3 without its phosphatase action, high membrane PIP, levels
could cause nonspecific binding and mislocalization of endocytic proteins. The most
well-defined role for synaptojanin is in CCV uncoating. Synaptojanin is recruited to the
vesicle as Rab5 disrupts the highest-affinity AP-2/PIP, interactions*>—creating binding
sites for the endophilin/synaptojanin complex—and proceeds to convert PIP, into PI(4)P.
The uncoating process is then completed by GAK/auxilin and Hsc70.

GAK/Auxilin

GAK and auxilin are homologs expressed ubiquitously and selectively in nervous tissue,
respectively. GAK/auxilin (hereafter referred to as just auxilin) are recruited to the
endocytic vesicle after synaptojanin generates a sufficient concentration of P1(4)P on the
vesicle. Although baseline regulatory phosphatase activity produces a continuous supply
of membrane PI(4)P during earlier stages of CME, the ability of the PI(4)P to diffuse into
the bulk membrane from the endocytic pit precludes premature auxilin recruitment.’#
Once the CCV has detached from the membrane, the confinement of generated P1(4)P to
the vesicle allows a sufficient concentration to build up and recruit auxilin. Auxilin
simultaneously binds the membrane and clathrin coat, and recruits the chaperone protein
Hsc70 which binds to the auxilin J-domain.”>7® Once the Hsc70/auxilin complex is
established, it can completely disassemble the clathrin coat from the vesicle.

2. Components limiting the clathrin coat formation and minimal models for
clathrin coat nucleation

2.1 Nucleation of clathrin-coated pits (CCP)

In CME, the nucleation of productive CCP on the plasma membrane appears to be a
stochastic process,’” and recent evidence shows that this nucleation is dependent on a
protein complex of FCHo01/2, Eps15 and intersectin-13° (see Box 1 for a “parts”-list of
proteins involved in CME, see also Fig. 1 and Tables S1-S3, ESIT). This complex assembles
at coated pit nucleation sites prior to clathrin coat formation and recruits the AP-2 adaptor
protein at the site of the future pit via the multiple AP-2 binding sites of Eps15.29:48.50,53
Clathrin is then recruited to the plasma membrane by AP-2, and the increased local clathrin
concentration exceeds the threshold required for polymerization of the clathrin
triskelia.28:53.78-81 There is also evidence for the random formation of rapidly abortive pits,
which may form when thermal fluctuations transiently produce a critical local concentration
of AP-2 at the membrane, allowing for brief clathrin polymerization.82 These pits quickly
dissociate, however, due to the lack of accessory proteins to stabilize AP-2 at the
membrane.”” Theoretical and computational studies of clathrin have answered certain
physical questions about individual triskelia and the polymerized clathrin coat. A simple
thermodynamic model has been used to peg the strength of heavy chain interactions at ~kgT
(the amplitude of thermal fluctuations), and to demonstrate that adaptor protein binding
deepens the energetic well for clathrin polymerization.8384 Thus, clathrin fails to
polymerize at physiological concentrations unless it is locally concentrated by adaptor
binding.
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2.2 Minimal model of clathrin coat assembly

While the prevailing viewpoint in CME suggests that clathrin is necessary in coated pits in
order to stabilize their shape and perhaps to drive membrane invagination, it is somewhat
difficult to reconcile the putative stabilization capability of the clathrin lattice with the fact
that clathrin leg—leg interactions only provide an energetic benefit on the order of thermal
fluctuations (~kgT).32 Even though sides of the hexagonal/pentagonal lattice are each
composed of two proximal and two distal legs, the small energy contribution of each
precludes extremely strong attachment. In addition, lattice-incorporated clathrin is reported
to freely exchange with the cytosolic reservoir even in growing coated pits,8%:86 which
seems to suggest that the clathrin lattice may itself easily be disrupted, reducing its ability to
sustain membrane curvature. Given the weak energetics of clathrin—clathrin binding, it
stands to reason that association between clathrin and membrane-bound adaptor proteins
serves as a much stronger driving force toward clathrin assembly on the membrane. While
clathrin itself may, at high enough concentrations, assemble into membrane-less cages,2:87
in order to polymerize at physiological concentration and bend the membrane it must be
recruited and stabilized by stronger protein—protein binding interactions.

To establish a minimal model for clathrin lattice formation, we consider a three-species (q =
3) inhomogeneous Potts model (cellular Potts model or CPM) in which clathrin, adaptor
protein and free membrane coexist on a 2-dimensional hexagonal (6 nearest neighbor)
lattice. In the CPM framework,38 the Hamiltonian is defined as:

Hyp = > Ity D), 7@ s PINXA=,3 it 7 )+ (@) = Arr))?

(i, j)(i’ ,j mearest neighbors)

(1)

Here, J is the interaction energy between the cells o(i,j) and o(i’,j") which occupy
neighboring lattice sites (i,j) and (i',j’). For our simulations, J is dependent on the cell types
of the two neighbors (z(), see Table 1 for energy values). The delta function term is
implemented to prevent self-interaction between lattice sites which are part of the same cell,
but has minimal effect in our simulations since cells rarely occupy more than one lattice site.
The second term in this expression is a target area constraint which restricts the area of
clathrin and adaptor on the coat, reflecting the finite dimensions of lattices formed on the
membrane prior to invagination. The constant A represents the strength of the area
constraint, and a(o) is the cell size, and A, is the target cell size.

Using the CPM, we identified regimes of binding energy and concentration for which
transient lattice nucleation, stable lattice nucleation, and no lattice nucleation are observed.
This simple model, which fits experimental evidence of both native and cell-free or other
non-physiological parameter sets, provides a clear demonstration of how clathrin may
assemble into a stable lattice with a weak intrinsic impetus for oligomerization.
Furthermore, the model elucidates a biological necessity for this weak interaction: it is
strong enough, but not too strong as to induce spurious nucleation of clathrin lattices which
would deprive the cell of its available cytosolic clathrin pool. Interaction energy parameters
for the three identified regimes are described in Table 1 and depicted in Fig. 2. In the regime
corresponding to Fig. 2(a), low levels of clathrin are stabilized to the membrane via
association with adaptors, to which they bind more strongly. The model in this regime
represents a general dilute antiferromagnetic Ising model, and the frustration in the
hexagonal lattice prevents nearest-neighbor interactions from being purely in the lowest
energy state. This leads to a degenerate ground state with fluctuations of clathrin levels
around a mean value, see Fig. 2(d), which reproduces the exchange between cytosolic and
coated pit-dwelling clathrin observed experimentally. Fig. 2(b) depicts ho membrane
clathrin localization without AP2. This regime uses the same energy parameters as the wild-
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type state, but the removal of AP2 from the forming bud causes clathrin to completely
vacate the membrane surface. This is consistent with the findings that at physiological
concentrations, clathrin—clathrin interactions are not strong enough to stabilize a coated pit,
and instead any clathrin that becomes membrane-bound does so only transiently, soon
recycling back into the cytosolic pool. Fig. 2(c) depicts the regime of supra-physiological
clathrin concentration, which induces AP2-independent coat formation. When the total area
constraint (see egn (3)) on clathrin is relaxed in the model, analogous to increasing the
clathrin concentration in vivo, coated pit formation is rescued even in the absence of AP2.
This phenomenon also occurs if the clathrin self-interaction is made more energetically
favorable. Adaptor-free clathrin cages have been observed in cell-free experiments with high
levels of clathrin concentration, and in auxilin knockdown experiments where auxilin-
dependent inhibition of clathrin self-interaction is abrogated, corresponding to the model
result.

2.3 Cargo capture in coated pits

How clathrin coat and vesicle size are regulated in vivo is a matter for debate. The precise
mechanism is poorly understood, but is thought to involve a complex interplay between PIP,
levels, cargo capture and sequestration, and signaling. The formation of the clathrin network
triggers an increase in the activity of Adaptin-Associated Kinase 1 (AAK1), which
phosphorylates the p2-subunit of AP-237:78 (see Box 1 and Table S1, ESIT). This kinase
action unlocks the structure of the AP-2 adaptor, allowing it to bind more strongly to
membrane PIP, and exposing the p2 cargo-binding site.34 The appearance of cargo at the
growing structure presents a checkpoint that determines the productivity of the coated pit. If
cargo does not enter the pit, the local concentration of membrane PIP, becomes insufficient
to stabilize the growing network of clathrin, AP-2 and other adaptor/accessory proteins,
leading to the dissolution of the coated pit prior to an endocytic event.82 At this stage,
endocytic cargo—either constitutively internalized (e.g. transferrin receptor) or ligand-
induced (e.g. EGFR) receptors (see Section S1, ESI")—that enters the CCP is retained in
this pit and provides the signaling impetus for continued growth and invagination of the
CCP. The cargo is bound by AP-2, either directly by the u2 subunit or indirectly by class-
specific adaptors (see Tables S1-S3, ESIT), and the cargo—AP2 complex triggers the activity
of PIP kinase type ly (PIPK ly), increasing the local concentration of membrane PIP, 36.89
As AP-2, Epsin, and most other CME-associated proteins bind PIP,, the activity of PIPK Iy
produces a sufficient concentration of membrane binding sites to sustain the growing CCP.

It is worth noting that this signaling structure presents one possible mechanism for matching
CCP size to the level of captured cargo. The CCP can propagate as long as PIPK ly is
activated by the AP-2/cargo complex, and radial growth is terminated when the cargo,
clustered near the cytosolic pole of the CCP,%4 is too far from the pit edge to sustain
sufficient PIPK Iy activity. Experiments on CME of the LDL receptor have reproduced the
effects on CCP size predicted by this model for varying cargo levels, and recent cell-free
studies have demonstrated that lipid domain formation (in this case a PIP,-rich domain) can
work in concert with membrane proteins to regulate curvature generation and vesicle
budding.%0

Multiple non-exclusive mechanisms have been proposed to explain cellular control of
clathrin-coated vesicle size. Ehrlich et al. observed that the size of coated pits and
subsequent vesicles were dependent on the amount of cargo loading, with coated pits
persisting longer and becoming larger upon higher levels of cargo incorporation.”” It was
also observed that the checkpoint at which coated pits were either aborted or committed to
vesiculation was largely standardized, strengthening the notion that cargo binding controls
the biochemical checkpoint to allow CCPs to develop further. The authors propose that the

Integr Biol (Camb). Author manuscript; available in PMC 2011 August 9.
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bending rigidity of the underlying membrane may resist curvature above this critical coat
size, and that cargo binding stabilizes the coat and allows further membrane bending.

This argument, however, may not explain the disassembly of coated pits that lack cargo at
the checkpoint. If the membrane bending rigidity is the only force opposing coat
enlargement, since the bending energy increases with coat size, there should exist a nonzero
average vesicle size around which cargo-free pits fluctuate. An alternative explanation,
which may better fit the observed data, is that cargo entrance into coated pits mediates pit
growth biochemically by increasing levels of PIP, in a dose-dependent manner. Upon cargo
capture, AP2-cargo complexes are formed which activate PIP kinase type 1y.38:89 The PIPK
then increases local levels of PIP,, which diffuses among other membrane phospholipids. In
this way the cargo concentration can clearly affect coated pit size, since higher levels of
PIP, produce a larger membrane area of enriched PIP, to sustain coated pit growth. Baseline
phosphatase activity slowly depletes PIP, away from the AP2—cargo complex, such that
coats do not grow without bound. Since PIP, is a binding partner for several CME-related
proteins, it must be maintained above a critical level to support pit growth. Transient coated
pits are nucleated by FCHo—Intersectin~Eps15 complexes,3® which allow AP2 and clathrin
to transiently cluster into a preliminary coated pit, but under this mechanism, it is clear that
the pit will disassemble if PIP, levels are not increased to a critical level via cargo capture.’’
These interactions are captured in a model described below, demonstrating the production—
diffusion—elimination equilibrium for different cargo levels, lending credence to this
proposed mechanism. We model the synthesis, diffusion, and absorption of membrane-
bound species using the Cellular Potts Model framework. Specifically, we alter the
concentration of the AP2—cargo complex, allowing this complex to synthesize PIP; at a
specified rate per complex; we explore low, medium, and high rates of PIP, synthesis. The
surrounding medium can absorb PIP; at a specified rate, to mimic the baseline phosphatase
activity exerted by regulatory components around the membrane; we keep the absorption
rate fixed in our simulations at a constant value. We then examined the PIP, field at
equilibrium to show that the membrane area containing PIP, above a given critical threshold
concentration grows along with the cargo concentration. Fig. 3 shows equilibrium images of
the field for three different cargo concentrations (or three different rates of PIP, synthesis).
The concentration gradient is color coded with red indicating high PIP, concentration and
blue indicating low levels of PIP,. Fig. 3 also displays the maximum size (in arbitrary units)
of clathrin coats for different levels of cargo production.

3. Mechanism and biophysical model for membrane deformation and

curvature

3.1 Curvature induction and membrane invagination

Clathrin coat growth and membrane invagination proceed in tandem within canonical CCPs.
Concomitantly with the addition of clathrin triskelia to the coat, curvature is induced in the
plasma membrane around the coat, forming a growing bud on the cell surface.31:3291 The
development of this curvature is putatively mediated by multiple membrane-binding
proteins, including epsin,>”:92 amphiphysin,81:62:64.93 and by the clathrin coat itself.3! The
initial membrane deformation may occur during CCP nucleation itself, where FCHo proteins
generate a small membrane curvature through their F-BAR domains.3> Once the adaptor
machinery has begun to assemble at the endocytic site, ENTH domain-containing epsins are
recruited by Eps15 and higher levels of membrane PIP,, and induce a stronger curvature by
inserting amphipathic helices into the membrane. As the spherical bud begins to emerge, a
tubular neck region begins to form in the membrane; this region is uncovered by the clathrin
coat and contains free PIP,, but is still subject to a large curvature, which attracts proteins
containing curvature-sensing N-BAR domains such as amphiphysin and endophilin.*6

Integr Biol (Camb). Author manuscript; available in PMC 2011 August 9.
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The mechanism by which clathrin sustains curvature in the bud region remains an open
question from an energetics stand-point. Since individual heavy chain interactions are not
stronger than thermal fluctuations, it is difficult to understand how the clathrin coat can
impose its intrinsic curvature on the membrane, especially in the event that epsins migrate to
the CCP rim. One possibility is that the clathrin coat imparts a larger bending rigidity on the
underlying membrane. Even in the absence of strong inter-protein attraction, computational
studies demonstrate that inclusions of increased rigidity tend to aggregate on the
membrane.?4-96 This rigidity-driven attraction effectively strengthens the clathrin coat,
increasing its ability to isotropically deform the membrane. The alternative view is that
tubulating proteins (e.g. epsins) are incorporated as part of the growing coat through CLAP
domain or AP-2 mediated interactions to stabilize the curvature, which was recently
proposed in a model described below.

3.2 Elastic bending free energy for fluid membranes

Following the Helfrich formulation,®” we describe the membrane energy E as:94:9°

K 2 ’
E= [— 2H — Hy)"+2k K+o |dA
fA 2( 0)"+2« K+o )

Here, x and «’ are membrane elastic bending rigidities, H = 1/2(Cq + Cy) is the mean
curvature of the membrane, Cq and C, are the two principal curvatures, Hg is the
spontaneous imposed (or intrinsic) curvature of the membrane due to curvature-inducing
proteins, K = C1C, is the Gaussian curvature, o is the frame tension, and A is the total
membrane area. For small deformations of the membrane, the shape of the membrane can be
represented in the Monge gauge (z = z(x,y)), converting the Hamiltonian (not including the
Gaussian rigidity term) into the more computationally efficient form:

k= ff [ SV = Ho'+ ($H3+ ) <vz)2] dxdy .

Several extensions to the Helfrich model applicable to the endocytosis problem have been
discussed in the literature:98-108 (1) a model treating a membrane as a pair of slightly
compressible monolayer bound together with non-instantaneous lipid density relaxation has
been proposed.195 (2) A model for cytoskeleton fortified membranes has been developed®®
and applied to erythrocyte deformation.® This model includes shear elasticity of the
cytoskeleton in combination with the Helfrich Hamiltonian. (3) The dynamics of the
Helfrich membrane in the overdamped limit including hydrodynamic coupling to the
surrounding solvent and arbitrary external forces have been introduced.100-104 (4) The
infinitely thin assumption for the membrane surface has also been relaxed and the inter-layer
friction and slippage between the lipid monolayers have been incorporated.104-106 (5) Direct
simulation of eqn (2) using a Monte Carlo (MC) method allowing for the treatment of
systems with extreme curvature has also been described.108

Migration of trans-membrane and peripheral proteins can be driven via both static
membrane curvature gradients and by dynamic membrane fluctuations.109-131 Several
recently discovered protein membrane-binding domains have been postulated to assemble in
a process that is driven by membrane curvature and membrane tension and in the process
induce local deformations of the bilayer.115129 Dyring the process of endocytosis, clustering
of proteins with the ENTH domain in regions of background mean curvature* have been
reported. These studies have further motivated the development of models for protein
diffusion in ruffled surfaces!10-113 and the simultaneous diffusion of protein and membrane

Integr Biol (Camb). Author manuscript; available in PMC 2011 August 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramanan et al.

Page 10

dynamics. In a recent work, Agrawal et al. modeled the intrinsic curvature field of each
curvature-inducing protein as a Gaussian function with a range b; and magnitude Cy ;:

H (x, y)=Co el 5+ Ub (4)

where x; and y; are the x and y coordinates of the ith inclusion on the membrane. When
multiple proteins are present on the membrane, the resulting protein-induced membrane
curvature is calculated as:

N.
Hi(x,»)=> Hoj,
i=1 (5)

where N is the number of proteins present on the membrane.125 The protein diffusion is
modeled through the simulation of probabilistic hopping along the membrane surface. Using
this model, recently, Weinstein and Radhakrishnan have treated simultaneous protein
diffusion and membrane motion models to treat the case of curvature inducing proteins
diffusing on the membrane.126 The new aspect of their continuum membrane model is the
two-way coupling between the protein and membrane motion. In this case, the membrane
topology not only influences the protein diffusion by presenting a curvilinear manifold, but
also presents an energy landscape for protein diffusion. The protein diffusion in-turn impacts
membrane dynamics because the spatial location of the proteins determines the intrinsic
curvature functions and hence the elastic energy of the membrane.94:9% Using this approach
they identify regimes of curvature magnitude and range for which bud nucleation was
induced by curvature-mediated cooperative orientation of non-interacting proteins.?*

Agrawal et al. have also developed a computational methodology for incorporating thermal
effects and calculating relative free energies for elastic fluid membranes subject to spatially
dependent intrinsic curvature fields using the method of thermodynamic integration.94.95 By
explicitly computing the free-energy changes and by quantifying the loss of entropy
accompanied with increasing membrane deformation, they showed that the entropy of the
membrane decreases with increasing size of the localized region subject to the curvature
field;9° the authors also showed that the loss of entropy accompanied increasing membrane,
thereby, renormalizing the membrane bending rigidity.

3.3 Model and analysis of curvature induction and epsin localization in CME

Agrawal et al. have explored the role of cooperative protein—protein and protein—-membrane
interactions in CME and proposed a minimal mesoscale model for protein-mediated
vesiculation,12% which addressed how the shapes and energetics of vesicular-bud formation
in a planar membrane is stabilized by the presence of the clathrin-coat assembly in CME.125
In their proposed model for CME, the epsins bind to the lattice of a growing clathrin coat
through the interaction of the CLAP domain of epsin with the clathrin triskelion. This way,
multiple epsins localized spatially and orientationally templated on the clathrin coat
collectively play the role of a curvature inducing capsid. In addition, epsin serves as an
adaptor in binding the clathrin coat to the membrane through the interaction of its ENTH
domain with PIP2 molecules on the membrane. By employing the Helfrich methodology
outlined above, they have addressed how the shapes and energetics of vesicular-bud
formation in a planar membrane is stabilized by the presence of the epsin/clathrin assembly,
see Fig. 4. The results suggest that there exists a critical size of the coat above which a
vesicular bud with a constricted neck resembling a mature vesicle is stabilized. The model
also provides estimates for the number of epsins involved in stabilizing a coated vesicle
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(Fig. 4, left) and without any direct fitting reproduces the experimentally observed shapes of
vesicular intermediates as well as their probability distributions quantitatively, in wildtype
as well as CLAP IgG injected neuronal cell experiments (Fig. 4, right). The model also
describes a strong dependence of the vesicle diameter on the bending rigidity. Hence, the
authors proposed a unique dual role for the tubulating protein epsin, namely, (1) multiple
epsins localized spatially and orientationally template collectively play the role of a
curvature inducing capsid; (2) in addition, epsin serves as an adaptor in binding the clathrin
coat to the membrane.128 The authors also suggested an important role for the clathrin
lattice, namely in the spatial- and orientational-templating of epsins through their
interactions with the CLAP domain.

3.4 Direct visualization of spatial organization of proteins in CME

Total internal reflection fluorescence (TIRF) microscopy, which uses evanescent waves to
gather super-resolution images, is being widely used for live-cell imaging with a
combination of spatial and temporal resolution. The recent development of differential
evanescence nanometry also enables the tracking of axial localization of specific proteins.
The technique utilizes alternating TIRF and wide-field images to determine the axial
position for the centroid of a specific protein with ~10 nm resolution and 0.4 Hz temporal
resolution. Since the TIRF signal decays exponentially with axial position, and the wide-
field signal is dependent only on the fluorophore concentration (and not the axial position),
the centroid of a fluorophore ensemble can be calculated from the intensities of the two
signals. This technique has been used by Saffarian et al. to study the clustering of AP2 and
epsin in budding vesicles.** Upon fluorescently tagging clathrin, AP-2 and epsin, they
established that AP-2 is enriched toward the cytosolic pole of the vesicle while epsin
localizes to the rim of the coated pit. Because the neck region of the vesicle is populated by
amphiphysin and dynamin as opposed to AP-2, the adaptor’s pole enrichment in relation to
clathrin is explained. While sparse imaging data have previously shown epsin localization at
the rim of forming vesicles, this evidence was far from conclusive. Since epsin plays a
putative role in generating membrane curvature and driving invagination, it is not obvious
that the protein may simultaneously play this role and migrate to the edge of CCPs. Thus, to
rationalize these experimental observations further, we analyzed the spatial segregation of
epsins and AP-2 in the CCP on the basis of a curvature-mediated migration hypothesis, as
discussed below. Specifically, based on the results of Agrawal et al.12> (see Fig. 4), if we
positioned epsins to be regularly spaced (i.e. 18.5 nm apart) consistent with the clathrin
lattice, and evaluated the hypothetical TIR-WF data from this model, the results do not
conform to the data of Saffarian et al.*4 suggesting that a curved topology of the bud alone
cannot explain the epsin enrichment on the vesicle neck. One possible mechanism driving
epsin segregation to the neck of a growing vesicle can be epsins colocalizing with Eps15 at
the CCP rim, as described earlier. An alternative explanation is based on the hypothesis that
epsin induces anisotropic curvature owing to its tubulation property. This raises important
implications for the understanding of simultaneous curvature induction and segregation on
the membrane, which is discussed next.

3.5 Models of spatial segregation of curvature inducing proteins due to curvature

anisotropy

Indeed, studies of membrane curvature inclusions have demonstrated the effect of
anisotropy in curvature-inducing proteins.116:117 The membrane-tubulating ability of these
proteins suggests significant anisotropy in their method of curvature induction, and both
energy-minimization and Monte Carlo simulation approaches have shown that these proteins
should tend to cluster at the neck region of a budding vesicle.116:117 This mechanism seems
justifiable to rationalize the propensity for the association of the BAR domain, dynamin, or
epsin in regions of negative Gaussian curvature.58 Studies of anisotropic inclusions have
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shown that for certain choices of parameters even anisotropic curvature-inducing proteins
can produce spherical buds.116 These models suggest that the uniform spatial distribution of
epsins on the clathrin coat (owing to the CLAP domain-mediated interaction) can be
responsible for early invagination. However, as the coat matures into a bud, the emergence
of a well defined-neck region with negative Gaussian curvature causes the epsins to migrate
to the rim along with Eps15, suggesting a rich and dynamic set of events surrounding a
nucleating CCP.

The analysis of the membrane topology from Fig. 4 shows that early membrane invagination
is dominated by the emergence of large mean curvature but small negative Gaussian
curvature, see Fig. 5 (left), but as the membrane invagination matures to form a well defined
vesicle neck, the emergence of neck-regions with large negative Gaussian curvature is
suggested, Fig. 5 (middle and right). Membrane invagination clearly produces a highly
negative Gaussian curvature in the vesicle neck, and it is reasonable to believe this
phenomenon may play a role in regulating the spatiotemporal localization of CME proteins.
That is, anisotropy in the curvature-inducing ability of epsin may couple to the Gaussian
curvature gradient to provide the energetic impetus for epsin’s migration along a budding
vesicle’s neck.

We have explored this possibility by modeling the curvature anisotropy as an elliptical
Gaussian with an aspect ratio of 3; this is a variant of eqn (4) in which the b; along one of
the orthogonal directions is chosen as 3 times that of the other. For such a model, the
orientational angular distributions of epsins (Fig. 6, left) at different stages of bud formation
are evaluated in three different scenarios: (1) at the neck of a mature bud (see snapshot in
Fig. 6, middle); (2) at the boundary of an intermediate bud (see snapshot in Fig. 6, right); (3)
on a planar membrane (snapshot not shown). The results of Fig. 6 suggest that in the
presence of curvature anisotropy, increasing the magnitude of negative Gaussian curvature
decreases the spread in the angular distribution of epsins, suggesting increased orientational
preference of an anisotropic curvature-inducing protein. This analysis indeed reconciles the
neck localization of epsin at the later stage of vesicle nucleation with its putative function of
generating the initial membrane curvature of the CCP at early stages of invagination.

4. Future outlook

A definitive understanding of the interplay between clathrin coat formation and membrane
curvature evolution is emerging but remains incomplete. Though many aspects of CME are
well-characterized, especially in the domain of protein—protein interactions and increasingly
in the area of protein localization, several open questions remain which are fundamental to a
complete understanding of this fundamental cellular process.

4.1 Vesicle scission and uncoating

One major unresolved theme is the mechanism by which anisotropic tubulation properties of
proteins sense and induce curvature, as well as how they migrate in the background mean as
well as Gaussian curvature gradients as discussed in Section 3. For example, once the
membrane-bound amphiphysin has generated a sufficiently high curvature in the neck,
GTPase effector domains (GED) of the previously-recruited dynamin are thought to mediate
its oligomerization into a helical collar around the vesicle neck.58 Assembly of the dynamin
collar immediately precedes vesicle scission in wild-type cells, but the exact mechanism of
scission is still debated (see Box 1). Experimental approaches have shown compelling
evidence for a GTP-dependent mechanochemical conformation change, yet cell-free
experiments seem to suggest that the twisting action itself is insufficient to split a membrane
in the absence of sufficient line tension or surface tension. Computational models of CME
have suggested a line-tension dependent mechanism mediated by phase separation, and
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integrative mechanisms dependent on tension, membrane rigidity and binding energetics.
After complete CCV budding from the plasma membrane, the clathrin coat is removed from
the vesicle. In the initial stage of uncoating, a complex of endophilin and synaptojanin
deplete membrane PIP,,4047 depleting the binding sites available for AP-2. The curvature-
sensing capability of endophilin’s N-BAR domain promotes its membrane localization, and
endophilin recruits the phosphatase synaptojanin to convert PIP, into P1(4)P,132
dramatically increasing the vesicle PI(4)P concentration. GAK/auxilin bind the newly-
formed PI(4)P via a PTEN-like domain’® and recruit the Hsc70 chaperone protein to the
coated vesicle to complete the uncoating process.’4-76:133 The formation, regulation, and
sub-cellular localization of dynamic clusters or domains of phospholipids (especially PIP,
and PI1(4)P) within the various membrane compartments remain unknown.

4.2 Endosomal sorting and downstream processing

Even though the specific methods of post-endocytic cargo sorting are beyond the scope of
this review, it has been noted that the sorting of endocytic cargo for either degradation or
recycling is dependent on the type of cargo itself, as well as on additional adaptor and
accessory proteins retained on the endosomal membrane.34135 |n the specific case of the
EGF receptor, the initial method of endocytosis (clathrin vs. caveolinmediated) determines
the fate of the receptor; CME leads to receptor recycling while non-clathrin endocytosis
(NCE) leads to receptor degradation:>*136.137 however, several open questions remain, as
discussed in Section S1, ESI.T

4.3 Distinction between coated pits and coated plagues

Recently, Saffarian et al.* showed that in mammalian cells, clathrin-coated endocytic
complexes can proceed through traditional pits and longer-lasting, flat plaques. As the
plaques appear only on the adherent surface of adhesion-competent cell lines and at specific
membranous locations on polarized cells (e.g. epithelial cell apical membrane), it is possible
that the deviations between plaque and pit morphology occur in response to structural or
biophysical stimuli such as cytoskeletally-mediated spatial restriction or differences in
membrane rigidity. While we focused exclusively on the CME of coated-pits in this review,
we make the important distinction that canonical clathrin-coated pits (CCPs) mature and bud
in an actin-independent fashion, while actin and associated proteins are essential in the
internalization of coated plaques. A simple geometric model has been advanced to explain
why CCPs are likely formed by simultaneous coat formation and coat invagination, rather
than by initial flat coat formation with subsequent remodeling into a spherical bud. This
view has been supported by imaging studies which depict large evolved stresses in flat
clathrin lattices or plaques,** and by neutron scattering studies emphasizing the intrinsic
pucker angle of clathrin triskelia both as monomers and within coats.2® This supports the
hypothesis that coated plaques are likely a result of restriction by the cytoskeleton or
adhesion complexes. The scope of this review not with standing, the further analysis of
coated plaques should remain of scientific and medical interest. Evidence strongly suggests
that viral and bacterial entry into mammalian cells proceeds via flat clathrin-coated plaques
in an actin-dependent manner,23:138 and further study may yield targets for beneficial
pharmacological intervention. The differences between coated pits from coated plaques split
the CME into two distinct morphological pathways, yet, its full biological implication in
trafficking of cell surface receptors, intracellular adhesion of molecules, and nanocarrier
adhesion, is not understood. The reliance of some infections on one pathway or another, for
example, makes it important to fully characterize the differences between actin-dependent
and actin-independent machinery.
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4.4 Structural (all-atom and coarse-grained) modeling of BAR protein

Recent advances in live-cell fluorescent imaging have allowed for accurate recording of the
dynamics of specific tagged molecules in vitro,81:139-142 and a newly-developed method
utilizing two different microscopic techniques has allowed researchers to analyze spatial
localization of these proteins in three dimensions*4:143 (albeit in a limited manner). These
emerging imaging modalities enable better spatial/temporal resolution in mapping proteins
in the context of CME and have raised new challenges in mapping at the single-molecule
resolution the interactions in multimeric complexes of the CME.144-154 |n addressing the
structural challenges at the atomic resolution, all-atom and hierarchically coarse-grained
simulations of BAR-domain proteins have been performed.144-149.153,154 The coarse-
grained modeling work referenced above represents BAR-domain remodeling at four
distinct scales, and at each level of coarse-graining parameters are set such that overall
system properties of the coarse-grained simulation match those of the base representation. In
order of increasing coarseness is the all-atom simulation, residue-based coarse-graining
which preserves the protein secondary structure, shape-based coarse graining which
conserves topology and macroscopic protein shape, and a continuum elastic model which
conserves final membrane curvature. The coarse-grained simulations represent proteins as
ensembles of discrete quasi-particles that deform to seek out the membrane topology
corresponding to a free-energy minimum; this model is also parameterized by initial all-
atom simulations.144-149

The BAR domain protein simulations have suggested both the physical mechanisms
underlying curvature induction, and the ordering of proteins bound to membranes. N-BAR
proteins both sense and induce curvature by a combination of HO helix insertion into the
membrane bilayer, and electrostatic scaffolding interaction between the positively-charged
concave protein face and the negatively charged membrane.148 By binding at different
angles relative to the maximum curvature orientation, N-BAR proteins can more effectively
bind to membranes with a range of local curvatures and subsequently bend them closer to
the N-BAR intrinsic curvature. To promote scaffolding, their N-terminal domains also orient
the proteins such that the concave face always remains facing the membrane.14® F-BAR
proteins induce curvature via a distinct mechanism, and thus have different energetic
requirements for forming different membrane structures. The simulations of BAR domains
also replicate the curvature anisotropy predicted from experimental membrane tubulation
studies, offering further evidence for BAR domains to accumulate at the vesicle neck in
CME. These simulations further reinforce the importance of PIP, to successful budding
events, since higher PIP, concentrations facilitate closer association between BAR domains
and the membrane.

4.5 Module-based endocytic model for CME

There is ample evidence from siRNA knockdown studies and experiments with different cell
lines that several steps of CME are fortified with considerable redundancy. For example, the
function of the ubiquitous adaptor AP-2 can be somewhat replaced by the CALM protein,
and SNX9 and amphiphysin perform identical membrane-bending and dynamin-clustering
roles. Further investigation into the physical mechanism focused on functional modules
rather than on each specific protein is thus warranted to gain a “systems” understanding of
the endocytic proteins. A whole-endocytosis model takes a very high-level approach to
identifying the energetic impetus for clathrin-mediated endocytosis. By organizing groups of
endocytic proteins into function-specific modules,”2150 the model implicitly incorporates
many players in CME without depending overtly on specific parameters of any protein. In
this model, the invagination and vesiculation of a CCV is mediated by the PIP, balance at
different spatial locations of the endocytic bud, which is modeled using a small set of
coupled differential equations.1>1 The constriction of the vesicle neck is caused by the
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dynamin module, which corresponds to (at least) dynamin and BAR-domain proteins
amphiphysin and endophilin. This module is assumed to assemble at the neck, where it
protects underlying PIP, from dephosphorylation, generating a phase separation between the
protected region and the unprotected bulk membrane. This separation creates a line tension
that works to minimize contact between the two phases, and contact between water and the
unprotected phase, which constricts the neck until the vesicle is deeply invaginated. That
there is some contribution to budding from line tension has been proposed by experimental
researchers,’1152 put the model’s reliance only on tension-induced budding may contradict
available evidence of dynamin function. Specifically, the GTP-dependent twisting of helical
dynamin suggests mechanoconstriction of the neck, and studies of dynamin-mediated
budding in cell-free systems support the pinchase role of dynamin. Dynamin’s mechanism
of inducing scission has also been studied via minimal energy surface models, which
suggest that the GTP-dependent change in the helical pitch of the dynamin collar may lead
to instability and neck collapse.

The budding phase diagrams generated by the Oster model have an interesting connection to
the pit/plaque dichotomy recently identified by Saffarian et al.** Actin-dependent, plaque-
like budding occurs on adherent or polarized cell surfaces that are likely characterized by
increased rigidity—due to substrate-imposed constraints and the existence of cytoskeletal
adhesion complexes, in accordance with the Oster model predictions. In addition, the vesicle
morphology for actin-dependent and actin-independent budding in this model also resembles
the proposed morphology for plaques and pits, respectively.
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Insight, innovation, integration

Intracellular trafficking mechanisms involve the collective interactions between the
proteome and the lipidome and are crucial to essential cell functions, including nutrient
uptake, cell-cell communication, and membrane homeostasis. These intracellular
transport mechanisms regulate and impact receptor regulation, neurotransmission and
drug delivery. Unlike established methods in structural biology or optical microscopy,
experimental protocols to study cell membrane-mediated signaling are limited: the
relevant mesoscale assemblies are too large for atomic resolution and yet fall below the
diffraction limit to elude optical methods. In this review article, we discuss the
applications of innovative experimental methods based on super-resolution fluorescence,
and innovative theoretical/computational methods based on multiscale modeling to
access the mesoscale. Through the integration of theory and experiment and
simultaneously physical biology and systems biology, we discuss the insight gained into
the process of clathrin-mediated endocytosis with respect to structure, assembly, and
mechanisms, from biology as well as physics perspectives.
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Clathrin-Mediated Endocytosis (CME)

Membrane Curvature
4:44'1 Arrestin
= 7/,
Clathrin 8.7 AP2
N Table 51 4,,):0%1‘Table $2 pIPK
31 & 6,2,
- 9,3 Yoo oy
Clathrin Coated Pi't_l ) J&b 2 )
Assembly ¥/ ‘ 8. CME Eps-15 Dynamin
% .
A lnte;act;me Table $3 FCHo
0X Intersectin

Cargo
Recognition

Other-Modes of Internalization
Coated Plaques/ Actin-Mediated
Endocytosis

Raft-Mediated/Clathrin Independent
Endocytosis

Macro-Pinocytosis

Fig. 1.
Overview and “parts”-list of clathrin-mediated endocytosis.
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Fig. 2.

Green = clathrin; blue = AP-2; black = medium. (a) At normal concentrations, clathrin and
adaptor for a stable coat. (b) Removal of the adaptor leads to coat disappearance. (c) At
supra-physiological levels, clathrin can polymerize into cages independent of the adaptor.
(d) In coats containing clathrin and adaptor, the amount of each coat component is dynamic
throughout the simulation even after stable coat formation.
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Fig. 3.

Increasing levels of cargo within a coated pit (a)—(c) lead to larger stable coats, as predicted
by the model. (d) Clathrin coat size dependence on cargo levels predicted by the model. In
the color scale bar, H, M, Cr, correspond to high, medium, and critical (lower-bound)
concentration of PIPs.
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Fig. 4.

(Reproduced with permission from ref. 125) Left: membrane deformation profiles under the
influence of imposed curvature of the epsin shell model for three different coat areas, here x
=20 kgT. For the largest coat area, the membrane shape is reminiscent of a clathrin-coated
vesicle. Right: calculated (top) and experimentally measured (bottom) probability of
observing a clathrin-coated vesicular bud of given size in WT cells (filled) and CLAP I1gG
injected cells (unfilled).
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Fig. 5.
Mean and Gaussian curvature profiles during early bud formation, medium membrane
invagination, and deep membrane invagination.
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Fig. 6.

Left: angular distributions, probability P(6) versus angle 6 (°), of epsins; top corresponds to
the mature bud, middle corresponds to the early intermediate, and bottom corresponds to a
planar membrane. Middle: snapshot of a mature bud; red dots indicate fixed locations of
epsins, where the angular distributions were sampled. Right: snapshot of an intermediate
bud; red dots indicate fixed locations of epsins, where the angular distributions were
sampled.
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