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Abstract
Membrane curvature has emerged as a key regulatory factor in endocytic vesicle formation. From a
theoretical perspective, we summarize recent progress in understanding how membrane curvature
and biochemical pathways are coupled and orchestrated during the coherent process of endocytic
vesicle formation. We mainly focus on clathrin- and actin- mediated endocytosis in yeast and in
mammalian cells. We further speculate on how mechanochemical feedback could modulate other
membrane-remodeling processes.

Introduction
Recent experimental efforts have greatly advanced our understanding of clathrin- and actin-
dependent endocytosis. Endocytic vesicle formation typically takes ~ 1–2 minutes, and is
highly robust in vivo, [1,2]. Despite differences in details, general themes are emerging for
different endocytic vesicle formation pathways, both across and within species.

Endocytic vesicle formation involves a sequence of dramatic membrane shape changes. From
a mechanical standpoint, endocytic vesicle formation can be divided into two stages. First, the
cargo-laden membrane at the endocytic site is intruded to form a tubular or spherical vesicle.
Second, the vesicle is pinched off into the interior cytoplasm. The large energy penalty for
bending the cell plasma membrane (~ 100's kBT) makes it resist deforming to high curvatures
[3,4]. Therefore, substantial forces must be generated to power endocytic vesicle formation.
Many proteins and lipids have been identified as part of the endocytic machinery [1,5], some
of which conspire to generate the forces that deform the membrane and pinch off the vesicle.
Thus, finding the link between force generation and biochemical reactions on endocytic
membranes is key to understanding the mechanism of endocytic vesicle formation.

Endocytic proteins often bind to each other via specific motifs [6], and many bind directly to
the membrane [7]. However, in the noisy cellular environment, specific protein-protein and/
or protein-lipid interactions alone are not sufficient to achieve rapid and robust endocytic
internalization. For this reason, self-accelerating feedback mechanisms—which are widely
utilized in many cellular processes—must facilitate endocytic vesicle formation. Specifically,
biochemical pathways generate forces that remodel the membrane, and membrane shape
changes in turn regulate biochemical pathways, forming a closed mechanochemical feedback
loop. Testing this hypothesis in vivo is difficult because the process takes but a few seconds.
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A theoretical model, however, can establish whether such feedback loops can account for the
observed robust dynamics.

We first summarize recent experimental evidence for a mechanochemical feedback loop during
endocytic vesicle formation. Clathrin- and actin-dependent endocytosis will be used as an
example to address how the mechanochemical model can account for the sequential dynamics
of the endocytic machinery. Finally, we will discuss the implications of the model for other
membrane trafficking processes.

Properties of clathrin- and actin-dependent endocytosis
Forty years of in vivo and in vitro studies have revealed the mechanochemical nature of the
biochemical and biophysical activities of endocytic proteins and lipids. Here we briefly
summarize these properties.

Actin/myosin force
Actin polymerization is required for yeast endocytic vesicle formation to overcome the
resistance of the cell's turgor pressure (the detailed roles of actin function in endocytosis are
described in [8]) [9]. FRAP (fluorescence recovery after photobleaching) experiments in yeast
show that during endocytosis actin filaments, which are anchored to the bud region of the
endocytic membrane via coat proteins, polymerize with their barbed-ends facing the plasma
membrane/cell cortex [10••]. Theoretical analysis has predicted that actin polymerization can
generate mechanical force via a Brownian ratchet mechanism [11,12]. The magnitude of this
force has been predicted and subsequently confirmed to be ~ 1–2 pN per actin filament [13].
At this magnitude, theory suggests actin polymerization could provide the pulling force to
overcome the turgor pressure, and drive membrane invagination [14]. Evidence also suggests
a role for actin in endocytic internalization in mammalian cells [15].

In addition, type I myosin localizes at the endocytic site in both mammalian and yeast cells
[16,17•]. Both actin nucleating and motor activities of type I myosin are required for actin's
endocytic function in yeast [17•]. Recent single-molecule experiments demonstrate that the
duty ratio of type I myosin increases with load [18]. Thus type I myosin could act as a
mechanosensor. When actin assembles, its polymerization rate decreases exponentially with
load [12]. The bending resistance of cell membranes always opposes actin polymerization
during invagination. Type I myosin's motor activity could push the filaments away from the
plasma membrane allowing intercalation of new monomers. Therefore, the combined effects
of actin assembly and type I myosin motor activity can invaginate the endocytic membrane
despite the high load due to the high membrane bending resistance at early stages.

Curvature sensing and curvature sculpting of BDPs (Bin/Amphiphysin/Rvs Domain Proteins)
BAR (Bin/Amphiphysin/Rvs) domains were first identified as conserved motifs in yeast
Rvs167/161p and mammalian amphiphysin. In recent years, crystal structure studies have
facilitated the discovery of many new BAR domains. Growing evidence shows that BAR
domains function in membrane-remodeling (see [19] for details). In yeast, Rvs167/161p are
proposed to play important roles in endocytic vesicle fission [20•].

Dimers of BAR-domain proteins (BDPs) have a preferred banana-like shape and bind to
PIP2 via a positively-charged concave surface [21]. Experiments suggest that local membrane
curvature can act as a guiding signal for BDP assembly, and BDPs bind more tightly to more
highly curved membranes [22•]. Conversely, BDPs, as well as related F-BAR proteins, can
deform membranes into tubular shapes with diameters ranging from 20–100 nm [23•,24•,
25•,26]. In order for membranes to change shape the driving force must overcome the energy
penalty for membrane deformation. As BDPs have their own preferred shape, upon binding to
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the membrane BDPs can `sculpt' the local membrane into the preferred shape for their own
binding. Molecular dynamics simulations support this mechanism [27,28]. Thus, the curvature
sensing and curvature producing properties of BAR domains form a positive feedback loop.
Note that existence of multiple binding sites spanning the entire inner concave surface of BDPs
can deform membranes more effectively than a single site could because they mutually stabilize
one another's binding to the membrane while forcibly curving it [29].

Dynamin
The key differences between clathrin-mediated endocytosis in yeast and mammals are in the
relative functional importance of dynamin, BDPs and actin [1,30••]. Actin and BDPs—but not
dynamin homologues—are important for yeast endocytic vesicle formation [5,20•]. However,
in mammalian cells, dynamin accumulates at the scission site and is crucial for efficient
endocytic vesicle scission [31••,32,33••,34,35], while actin plays an auxiliary role. The spatial
localization of dynamin and the phenotypes of dynamic GTPase mutants imply that dynamin
can act as a `pinchase', squeezing the membrane tubule to directly pinch off the vesicle [34].
However, dynamin can only squeeze membrane tubules down to ~ 20 nm in diameter [36••].
As a result, the opposing membrane leaflets are still ~ 10 nm apart, too far to spontaneously
fuse [37]. Indeed, recent in vitro and in vivo experiments suggest that dynamin always falls off
the membrane before fission [38••,39••]. These observations indicate that dynamin may not
directly pinch off the vesicle, and may in fact need to release its grip on the membrane before
the opposing leaflets can get close enough to fuse.

Pinching force from spatial heterogeneity in lipid composition
At higher membrane curvatures, lipid head groups on the outside of the forming vesicle are
more splayed, and therefore more exposed to lipid-binding and modifying enzymes. Indeed,
several experiments suggest that such curvature-sensitivity of lipid-modifying enzyme
activities may be a general phenomenon. Phosphoinositide 3-kinase (PI 3-kinase) activity can
be enhanced by higher membrane curvature [40], and PI-Specific Phospholipase C activity is
also modulated by membrane curvature [41].

At endocytic sites, PIP2 phosphatases regulate PIP2 turnover [42•,43•]. The endocytic
membrane is composed of bud and tubule/neck regions, each with different local curvatures.
Curvature of the membrane neck increases greatly as it is squeezed during vesicle scission: if
PIP2 phosphatase activity is regulated by curvature, PIP2 levels should distribute non-
uniformly along curved endocytic membranes. Several independent experiments support this
notion. In vitro experiments showed that hydrolysis rates of PIP2 phosphatase are critically
dependent on the radius of liposomes (Chang and Di Paolo, personal communication). In
vivo fluorescence experiments suggest that the PIP2 phosphatase activity concentrates at the
bud region of the endocytic membrane invagination in yeast [42•]. Furthermore, PIP2-binding
endocytic proteins show different localization along curved endocytic membranes [44••].
ANTH- and ENTH- domain proteins are confined to the bud region, while BAR-domain
proteins are centered along the tubule region of endocytic membranes [44••]. Interestingly, the
PIP2 binding affinity of BAR-domain proteins is much higher than that of ANTH- and ENTH-
domain proteins [45,46]. The different PIP2 binding affinities not only dictate different abilities
to accumulate local PIP2, but also should differentially protect PIP2 from hydrolysis. Due to
technical limitations, definitive experimental proof for this effect has not yet been achieved;
nevertheless, the above evidence suggests that spatial heterogeneity of PIP2 exists along the
curved endocytic membrane.

Many in vitro experiments [47–51•] and theoretical studies [14•,48,52,53•] have shown that
interfacial force can arise from lipid composition heterogeneity, and can directly squeeze the
lipid domain boundary, triggering membrane fission (see Box 1 for detailed discussion of the
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physical mechanism of interfacial force generation). Thus the spatial heterogeneity of PIP2
along the curved endocytic membrane could give rise to a circumferential interfacial force at
the bud-tubule boundary. Subsequently, the more the interfacial force squeezes the membrane
neck, the more the increased curvature would promote PIP2 phosphatase activity, leading to
further local depletion of PIP2. As the interfacial force is proportional to the lipid composition
difference across the lipid domain boundary, the increased PIP2 level depletion at the bud-
tubule boundary would induce an even larger interfacial force, forming a positive feedback
loop.

An integrated theoretical model
Despite detailed knowledge of the molecular repertoire of the endocytic machinery, the
interplay between endocytic proteins and lipids in space and time is largely obscure. Recently,
we constructed the first coherent theoretical model of endocytic vesicle formation [54••]. This
model can serve as a unified framework for investigating different types of endocytosis.

Mechanochemical feedback
The central idea of the model is that the local membrane curvature is both slave to, and master
of, the accompanying biochemical reactions involved in endocytosis (Figure 1a). Such
curvature-mediated mechanochemical feedback provides a mechanism for orchestrating the
process of endocytosis. The model shows that mechanochemical feedback can produce an
interfacial force sufficient to pinch off a vesicle, and ensure that the process of endocytic vesicle
formation is robust.

The concept of `Functional Modules'
At least 60 proteins are involved in yeast endocytosis, and an even larger number are likely
involved in mammalian cells [1,2]. These endocytic proteins can be grouped into modules
according to their function [20•]. The modules we used were: (1) coat proteins, (2) actin/
myosin, (3) BDPs, (4) PIP2, and (5) PIP2 phosphatases. The simplification provided by the
module concept allows us to take a step back and look beyond detailed molecular interactions,
and to focus instead on the system level to see how endocytic membrane dynamics and local
biochemical pathways might be coupled.

The mechanochemistry of yeast endocytosis
Here we use yeast as an example to show how different modules can work together in a
mechanochemical feedback system to ensure robust and rapid endocytic vesicle formation
(Figure 1(b); see [54••] for details).

In yeast, coat proteins first deform the membrane into a shallow dome-shaped invagination.
Actin then drives of the dome deeper into the cytoplasm to form the endocytic membrane
tubule. During this process the membrane is shaped by BDPs that bind at the right location
(i.e. curvature) and time. Due to the curvature positive feedback, the more BDPs that bind, the
faster they assemble, which in turn further tubulates the membrane. The highly curved tubule
shape also activates PIP2 phosphatase activity. This gives rise to a PIP2 concentration
difference across the boundary between the tubule, where BDPs protect PIP2 from hydrolysis,
and the vesicle bud, which has less protection. The phase boundary thus created generates an
interfacial force that squeezes the neck. As the neck constricts, its curvature increases and
provides even better access for hydrolysis. Thus, the squeezing creates a positive feedback
loop via the curvature-dependent PIP2 hydrolysis at the interface. The culmination of this
positive feedback is the rapid evolution of a pinching force sufficient to drive vesicle scission.
Eventually, as the neck constricts, the tubule curvature increases and so deviates from the shape
preferred by BDPs, and this triggers rapid BDP disassembly. In this way, endocytosis proceeds
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like an autocatalytic chain reaction. One step paves the way for the next to drive the progression
of events in which membrane curvature feedback is coupled to protein assembly and
disassembly (Figure 1c). This model quantitatively recapitulates the key features of yeast
endocytosis, including the temporal and spatial progression of endocytic vesicle formation.

Implications of the model for mammalian endocytosis
Since the model describes endocytosis at the level of functional modules rather than specific
proteins, it allows us to `re-wire' the interaction diagram to one that applies to mammalian
endocytosis. The model captures the key aspects of mammalian endocytosis, and makes
predictions about specific functions of specific endocytic proteins [54••].

The model suggests that dynamin can affect the local PIP2 lipid composition, which can then
give rise to an interfacial force [54••]. The novel aspect is that, rather than dynamin itself, it is
the interfacial force that directly pinches off the vesicle. Dynamin binding acts as a component
of a positive feedback loop with membrane shape changes. During squeezing, the local
membrane curvature at the scission site deviates from the shape preferred for optimal dynamin
binding, which triggers its rapid disassembly before fission. Moreover, we predict that dynamin
persistence would hold the membrane tubule at its preferred diameter (~ 20nm), thus working
against any further squeezing by interfacial forces. Thus dynamin disassembly is necessary for
vesicle scission. This analysis predicts that dynamin must disassemble before membrane
fission and provides a mechanism and function for the experimentally observed disassembly
[38••,39••].

The model further predicts that endocytosis will be impaired if dynamin or actin activities are
elevated. This is because in addition to the inhibitory effects of dynamin persistence, excessive
actin pulling forces would raise membrane tension, thus opposing pinching and scission.
Interestingly, dynamin was shown to negatively regulate actin polymerization during
mammalian endocytosis [55]. It is tempting to speculate that such dynamin-actin interactions
could be a safety measure evolved to ensure successful endocytosis.

Interactions between BDPs, actin and dynamin in mammalian endocytosis
In contrast to yeast, in mammalian endocytosis there is an extra level of regulation by BDPs
that affects dynamin's curvature-mediated feedback loop [56–58]. It would be interesting to
compare and dissect endocytosis across organisms from an evolutionary perspective; in fact,
this has been initiated in [59]. Moreover, BDPs in yeast must rely on actin to tubulate the
endocytic membrane in order to initiate their own assembly. In mammalian cells, however,
dynamin alone can make full use of the positive feedback loop between curvature sensing and
sculpting activities to deform the endocytic membrane. This could be due to dynamin's
utilization of GTPase hydrolysis energy [33••]. Without membrane tubulation driven by actin
polymerization, the mammalian endocytic membrane is shaped like a constricted coated vesicle
with a very short neck, rather than the elongated tubule seen in yeast. Thus actin may play a
more passive role in mammalian endocytosis; it may simply follow the membrane invagination
driven by dynamin, instead of creating the membrane shape for BDP assembly as in yeast.
Roles for dynamin and actin underscore a key difference between mammalian and yeast
endocytosis.

Implications for other endomembrane trafficking processes
Despite their diverse molecular components, mechanochemical feedback may be a general
theme shared by different vesicle formation processes. In this section, we summarize our
current knowledge of other membrane remodeling systems in this regard.
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In the ER (endoplasmic reticulum), PI (phosphoinositide) is the major component of
phosphoinositol lipids, and PIP2 phosphatases are essential for ER function. The curvature-
sensitive Sar1 GTPase is crucial for recruiting the COPII complex that packages cargo into
vesicles [60]. Sar1 is capable of generating membrane curvature [61]. As with the positive
feedback loop proposed in our model, Sar1 is likely to be a curvature sensor. However, Sar1
alone cannot trigger membrane fission in a purified in vitro system [62]. In this sense, Sar1
might function similarly to BDPs, or like dynamin since it consumes GTP. We predict that
Sar1 may need to collaborate with other proteins, such as phosphoinositol lipid-modifying
enzymes, to regulate the local phosphoinositol lipid levels to complete vesicle scission. In the
Golgi, the Arf1 GTPase helps organize the COPI complex, which in turn recruits cargo to
promote vesicle formation [60]. Arf1 GAP activates Arf GTPases and, hence, releases Arf
GDP from the cargo/vesicle. The release of Arf GDP is essential for vesicle fission, and
membrane curvature greatly stimulates Arf1 GTPase activity [63•]. The activities of
phospholipase C and PIP2 phosphatases are both essential for vesicle scission in the Golgi, and
both are curvature-sensitive [41].

In early endosomes, in addition to Arf6 GTPase, the protein ctBP/BARS appears to be essential
for vesicle fission. ctBP/BARS has been demonstrated to tubulate membranes, and
phospholipase D appears to be essential for membrane fission in early endosomes [64,65]. In
late endosomes, the ESCRT III complex is important for vesicle budding [66,67] and recently
it has been shown by in vitro assays that ESCRT III can trigger membrane fission in a fashion
similar to dynamin [68•], and like dynamin, it falls off the membrane before fission. Lastly, in
mitochondria, dynamin-related GTPases are essential for fission of both outer and inner
membranes [69,70].

Conclusions
Our theoretical model provides insights into the mechanochemistry of endocytic vesicle
formation. We suggest that during endocytosis local membrane curvature is both slave to, and
master of, the accompanying biochemical reactions. We expect this mechanochemical
feedback mechanism to be a general feature of membrane trafficking processes. The challenge
for biologists is to determine how each mechanochemical feedback mechanism operates at the
molecular level. We believe that a close synergy between theory and experiments will be key
to achieving this daunting task.

Box 1. Physical mechanism of interfacial force generation

Cell membranes consist of many different lipids. Experiments have demonstrated the
existence of lipid domains (e.g., `lipid rafts') in cell membranes in vivo [71–74], although
controversies regarding their size, composition, lifetime and functional roles remain [75].

From a thermodynamics perspective, spatial organization of lipids within a membrane
results from the competition between entropy and enthalpy [4]. On the one hand, lipid
molecules are highly diffusive, which is driven by entropy and tends to smear out any non-
uniform lipid distribution. On the other hand, the interactions amongst different lipids can
be very different: some are more attractive to one another while others are repulsive. Such
energetic differences are enthalpic in nature, and have several origins. They could be due
to different electrostatic properties of lipids, particularly dipolar interactions [76,77]. They
could also originate from lipid height mismatches [78–81]; that is, when longer lipids mix
with shorter ones to form membranes, the longer ones expose more of their hydrophobic
core to the water, which is energetically unfavorable. This effect would tend to cluster longer
lipids together. Similarly, energy differences could stem from differences in hydrogen
bonds that can form between lipids, e.g., PIP2 and non-PIP2 lipids [82,83].
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When enthalpy dominates over entropy, the lipids with favorable interactions will form
domains enriched in some lipid species. Within a domain, energetically unfavorable
interactions still exist along the domain boundary. Here an `interfacial force' develops
proportional to the lipid composition difference across the lipid domain boundary [4]. As
with oil droplets in water, the interfacial force provides the thermodynamic driving force
to minimize the lipid domain boundary, causing the lipid domain to bulge out-of-plane, and
potentially to pinch off as a vesicle [14,52,53•]. In the case of a lipid bilayer, one can
theoretically estimate the interfacial force arising from a lipid height mismatch using the
lipid-water surface tension energy (~ 50mN/m) [37]. A lipid height mismatch of 0.5–1 nm
can produce an interfacial force of ~25–50 pN, sufficient to pinch off lipid vesicles[4].

The idea that an interfacial force can drive vesicle scission is supported by many in vitro
experiments, in which lipid domains form on liposomes or lipid bilayers when the
temperature is lowered [47–51•]. Interestingly, the interfacial forces derived from these
experiments are only about one pN, much smaller than theoretical estimates. How can we
reconcile this discrepancy? One explanation is as follows. The large interfacial force of 10's
of pNs is the initial driving force before lipid re-arrangement, which can proceed in at least
two ways. (1) An out-of-plane membrane shape change is driven by the initial interfacial
force, which could remain constant throughout the process. (2) An in-plane tilting of the
lipids that shields their hydrophobic core from water. This minimizes the initial interfacial
force. Process (1) is a collective behavior that is relatively slow (e.g., the relaxation time of
out-of-plane membrane fluctuation is ~ 1s) [84]. Process (2) is much faster (e.g., the
relaxation time of lipid wobbling and self-rotation is ~1–100 ns)[85]. Thus, it is possible
that the measured interfacial force is simply the resulting residual energy penalty for
exposing the hydrophobic core to water after the lipids have already optimized their
configuration via process (2). To balance the bending energy of the lipid bilayer, this
residual energy penalty from which the interfacial force is derived, has to be comparable to
thermal fluctuations at equilibrium (1 kBT per lipid; 1 kBT ~ 4 pN·nm). Since the length
scale of each lipid head group is ~ 1 nm, the effective force from thermal fluctuation is ~ 4
pN per lipid, exactly in the range of the interfacial force determined by in vitro
measurements. Thus, the measured interfacial force may be the result of lipid domain
formation, rather than the driving force for it.

Cells maintain constant temperature, and so lipid-protein interactions may drive lipid
domain formation. Many proteins, including BDPs and actin filaments [86•,87•], can not
only bind (directly or indirectly) with high affinity to PIP2-containing lipid bilayers. They
can also induce PIP2 lipid domain formation. Thus, lipid domain formation can result from
lipid-protein interactions. In this case, a theoretical estimate of the interfacial force induced
by lipid-protein interaction can be derived. The compressibility modulus of a lipid bilayer
is typically ~10–100 mN/m [88–90]. Inserting a typical protein into the membrane (e.g.,
with diameter ~ 1 nm) would incur an interfacial force of 10–100pN from the surrounding
lipids [91]. As lipid tilting is more restricted due to lipid-protein binding [91], the initial
interfacial force of 10's pNs could persist throughout the process of vesicle scission in
vivo.
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1. .
Mechanochemical feedback mechanism for endocytosis. (a) A general scheme for
mechanochemical feedback during membrane vesicle formation. (b) Mechanochemical
coupling drives the progression of yeast endocytic vesicle formation. The process can be
divided into 5 steps. Step (I): PIP2 accumulates at the presumptive endocytic site, recruiting
coat proteins to the bud region and initiating membrane invagination. The coat proteins nucleate
and anchor F-actin. Step (II): Actin polymerization drives membrane invagination. Step (III):
The resulting membrane curvature at the tubule region matches the preferred curvature for
BDPs, and positive feedback between BDP binding and membrane shape change results in
rapid local BDP recruitment. The membrane tubule is further extended by the curvature
sculpting activity of BDPs. This high curvature allows the PIP2 phosphatase to access PIP2 at
the endocytic site. Step (IV): BDP protection of the tubule PIP2 from phosphatase action
induces PIP2 lipid phase segregation. The resulting interfacial force at the bud-tubule boundary
squeezes the neck, while the coat in bud region starts to disassemble. The line tension squeezing
increases the local curvature so that the phosphatase further depletes the PIP2 at the bud-tubule
boundary, and this increases the interfacial force. This positive feedback loop rapidly pinches
off the vesicle. Step (V): As the vesicle is pinched off, BDPs dissociate from the endocytic
membrane as the local curvature deviates from the preferred curvature for BDP binding. The
decreasing BDP protection concurrently increases the PIP2 phosphatase activity all over the
endocytic site, and the endocytic machinery is eventually fully disassembled. (c) Endocytosis
chain reactions. In both yeast and mammalian endocytosis, intertwined positive feedback loops
between local endocytic membrane curvature and recruitment of endocytic proteins drives the
progression of vesicle formation.
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