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Abstract

Cells are complex biomechanical systems that constantly adapt to and modify their
physical environment. The cell membrane is the boundary that separates organelles and other
molecular machineries in a cell from the extracellular environment and plays a major role in
maintaining the biochemical and biomechanical homeostasis of cells. The constant deformation
and remodeling of cell membranes is key in biological processes like cell division, polarization
and migration. It also enables the trafficking of a diverse ensemble of cargos in and out of cells
by endocytosis and exocytosis, respectively. This remodeling process is regulated by mechanical

factors like membrane tension, rigidity, substrate stiffness, morphology of the cargo,...etc.

Clathrin-mediated endocytosis (CME) is an endocytic pathway by which cells internalize
cargos from the extracellular environment by extensive remodeling of the plasma membrane
from a flat to a bud morphology supported by clathrin-coat assembly. Epsin is an adaptor protein
in CME that aids in membrane bending and is recruited prior to clathrin to clathrin-coated pit
(CCP) nucleation sites. Epsin has a structured N-terminal ENTH (epsin N-terminal homology)
region and an unstructured C-terminal IDP (intrinsically disordered protein) region that are
involved in membrane bending via amphipathic helix insertion and steric repulsion, respectively.
Membrane tension plays an inhibitory role in CME by destabilizing CCP assembly. My
investigation shows that overexpressing epsin rescues the stability of CCPs under high membrane
tension. The recruitment of epsin to CCPs increases with elevated membrane tension. Masking the

N-terminus of ENTH with EGFP or deletion of ENTH in epsin delays recruitment of epsin to CCP

Xiv



nucleation sites. Interfering with the activity of the Ho helix abrogates the elevated recruitment of
epsin at high tension. The ENTH domain, while necessary for tension sensitivity of epsin, is not
necessary for epsin puncta formation. Deletion of adaptor protein 2 binding sites and clathrin
binding sites in the IDP domain of epsin renders it cytosolic. Further, the IDP domain itself is
sufficient to impart stability to CCPs as CCPs recruiting epsin with only IDP domain shows
reduction in the fraction of abortive pits. My findings conclude that Ho alpha helix in the ENTH
domain of epsin acts as a tension sensor and the IDP domain acts as a tether stabilizing CCPs. Our
work reveals the complimentary action of structured ENTH and unstructured IDP domains of epsin

supporst CME at high tension.

CME is also utilized by pathogens like Influenza A virus (IAV) to gain access to host
cells. Epsin is a known cargo-specific adaptor for IAVs. Epsin interacts with ubiquitinated
surface receptors bound to IAVs via its ubiquitin-interacting motifs. My investigation shows that
the ENTH domain in epsin biomechanically regulates curvature generation around spherical
IAVs thereby initiating CME of the virion. Mutations in the Ho helix negatively regulate the
recruitment of epsin to CCPs containing spherical 1AVs and their subsequent internalization.
However, internalization of filament-forming IAVs were not affected by the inhibition of Hg

helix formation in ENTH domain of epsin.

In summary, the findings of this dissertation define the biomechanical role of epsin in CME
under high membrane tension conditions and during viral entry. By improving our understanding
of biomechanics of endocytosis and viral entry, | hope that this research will lead to development
of better therapies targeting abnormal endocytosis pathways and viral diseases, as well as

advances in viral vector and nanoparticle-based drug delivery systems.
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Chapter 1 Introduction

This chapter was published as review in Advanced Biosystems (2020). J.G.J. and A.P.L. wrote the

review.
1.1 Mechanical regulation of endocytosis

Endocytosis involves transport of nutrients, macromolecules and pathogens across the
plasma membrane by forming membrane invaginations and subsequently internalizing the cargo
in a membrane-enclosed vesicle. Eukaryotic cells have evolved multiple pathways of endocytosis
to internalize cargos of different types and sizes. Endocytosis plays a role in various cellular
processes including signal transduction, immune response, cell division, and cell migration =,
Endocytic pathway is often exploited by toxins and pathogens like bacteria and viruses to gain
entry into a cell 4, but cells also rely on endocytosis to neutralize pathogens °. A critical step of
several endocytic pathways is the formation of the budded membrane invagination by sculpting
the plasma membrane. Different endocytosis pathways utilize different protein complexes to
generate and stabilize membrane buds . Mechanical factors like bending rigidity of the lipid
bilayer, membrane tension, stiffness of the extracellular matrix (ECM), shape, size and stiffness
of the cargo can affect the effectiveness of the remodeling process 58. Membrane rigidity and
membrane tension act as limit agents against the spontaneous membrane curvature generation by
creating an energy barrier for membrane deformation. Activity of curvature generating proteins or
processes including imposition of intrinsic protein curvature onto the membrane (BAR proteins),

insertion of amphipathic helix (E/ANTH domain proteins), steric repulsion by protein crowding,

1
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and polymerization of actin networks, is required for bud formation °. Furthermore, the

aforementioned mechanical factors also regulate the fission of membrane invaginations to create

endocytic vesicles !

. Quantifying the effects of mechanical factors on membrane curvature
generation and membrane scission is critical for understanding how these factors influence the
overall trafficking and regulatory role of endocytosis. Since nanoparticle-based drug delivery

systems target different endocytic pathways in cells, understanding the interplay between

mechanical factors and endocytosis can aid in better designs of these drug carrier systems .

Most endocytic events (<100 nm) occur below the diffraction limit of light. Hence,
studying the morphological development of endocytic structures using conventional optical
microscopy does not offer sufficient spatial resolution for in-depth dissection of its assembly.
Further, robust techniques to control mechanical properties of cells were largely inaccessible until
the last decade. Hence, our understanding of mechanoregulation of endocytosis primarily came
from molecular simulations and in vitro reconstitution of endocytic proteins in vesicles. Recent
developments, improvements, and implementation of advanced microscopy techniques like
stochastic optical reconstruction microscopy (STORM), structured-illumination microscopy
(SIM), polarized total internal reflection fluorescence (TIRF) microscopy, correlative light and
electron microscopy (CLEM) have enabled researchers to look beyond diffraction limit into the
protein architecture of endocytic structures while they are budding °. Robust techniques to
mechanically manipulate cells which are compatible with high-resolution microscopy, like cell
stretchers, microcontact printing, stiffness tunable hydrogels, and micropillar arrays also gained
progress in the last decade * 3. Automated algorithms for detecting and tracking endocytic events
coupled with these sophisticated imaging techniques have enabled visualization of endocytosis in

living organisms 415,



Simultaneous utilization of sub-diffraction-limited microscopy and robust techniques to
mechanically manipulate cells have provided us with important insights into how endocytic protein
complexes respond to mechanical stimuli. These sophisticated techniques have spurred interests
in recent years to experimentally validate theoretical and computational predictions on the
mechanobiology of endocytosis. At the same time, these advances have reignited once settled
controversies about endocytosis. Newer studies utilizing aforementioned techniques have called

into question whether membrane bud formation in clathrin-mediated endocytosis occur primarily
via a constant curvature mechanism, or the newly emerging flat-to-dome mechanism %6, Recent
findings have also strengthened non-specific membrane bending hypotheses like steric crowding

as an alternative to protein-specific mechanisms such as amphipathic helix insertion 728,

Mechanoregulation is shown to affect endocytosis pathways including macropinocytosis,
phagocytosis, caveolae-mediated endocytosis, clathrin-mediated endocytosis (CME), and
caveolae and clathrin-independent endocytosis (CIE) (Figure 1.1). In the following sections of
Chapter 1 I will survey recent studies that provided insights into mechanoregulation of
endocytosis.  Specifically, | will discuss how several key mechanical factors, including (i)
membrane tension, (ii) membrane rigidity, (iii) physical properties of extracellular surroundings,
and (iv) physical properties of cargo (Figure 1.2) affect the membrane sculpting associated with
endocytosis pathways. Further | will analyze mechanoregulation of individual steps of CME, one
of the prominent endocytic pathways. Competing hypotheses on mechanoregulation of membrane
sculpting will be scrutinized to provide a progress report on the present state of understanding on

how mechanical cues control endocytosis.
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Figure 1.1. Progression of endocytic pathways.

a. Macropinocytosis is initiated by actin polymerization near the membrane in response to receptor
activation, leading to membrane ruffling. Membrane protrusions are formed from the ruffles which
may fold back to the plasma membrane to form vesicles. The fusion of folded membrane
protrusions to basal membrane create macropinosomes, encapsulating extracellular fluid and other
cargo °. b. Phagocytosis is initiated by binding specialized receptors on the cell membranes to
target particles. Phagocytic cells like macrophages actively probe for pathogens by forming
pseudopodial extensions. Once the particle for internalization is located, the plasma membrane is
remodeled by actin polymerization to wrap around the particle to form a phagocytic cup. The
phagocytic cup is closed by the depolymerization of actin at the base of the cup, forming a
membrane bound phagosome 2. ¢. Caveolae-mediated endocytosis is initiated at cholesterol-rich
membrane sites by the recruitment of caveolin-1. Caveolae associated proteins like cavin 1 enables
the polymerization of caveolin-1, leading to the formation of caveolae. Caveolae are linked with
actin stress fibers through filamin A. Membrane tension and stress fiber activity mediate the
transformation of caveolae into an Q shape, enabling dynamin-mediated scission. High membrane
tension and excess stress fiber linkage can flatten caveolae, whereas a sudden drop in membrane
tension and stress fiber disruption lead to formation of caveolae clusters known as rosettes 2%, d.
Clathrin-mediated endocytosis is initiated by the recruitment of adaptor protein AP2 and
membrane bending proteins like E/ANTH domain proteins and F-BAR proteins to the membrane.
Clathrin triskelia bind to AP2 and polymerize to form clathrin coats with hexagonal and/or
pentagonal faces. Whether the coat is formed before or after the start of membrane bending is still
contested. Once the coated pit matures to a hemispherical shape, it is transitioned to an Q shape
(with the help of actin at high tension), enabling dynamin-mediated scission ! e. Clathrin-
independent endocytosis pathways exist in two types. Pathways which utilize dynamin for
membrane scission and pathways which do not utilize dynamin for membrane scission .
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Figure 1.2. Effect of mechanical stimuli on endocytosis.

a. Membrane bending requires work done against membrane tension. Transition of membrane from
flat-to-dome and dome-to-Q shape is mediated by recruitment of proteins which provide energy to
overcome the membrane tension energy barrier %3, An acute increase in membrane tension leads to
the flattening of membrane buds and an acute reduction in membrane tension can lead to the
formation of endocytic clusters (in caveolae-mediated endocytosis) 2%, b. Bending rigidity of
plasma membrane defines its resistance to undergo bending. Bending rigidity of the plasma
membrane depends on the composition of membrane and protein recruitment to the plasma
membrane alters membrane rigidity 2”2, ¢. Extracellular substrate stiffness regulates the ability of
membrane to undergo deformation. Membrane adhered to a stiffer substrate is less deformable
compared to the ones adhered on a softer substrate. *°. d. Cargos with low aspect ratio (spherical
shape) can be easily internalized by endocytic pathways due to the ease of membrane wrapping
around them. High aspect ratio of cargo can inhibit endocytosis by impeding membrane wrapping.
High aspect ratio cargos can be internalized by membrane wrapping from its pole (mode 1) or
membrane wrapping along its shallow edge (mode 2). Cells prefer pole-based internalization of high
aspect ratio cargos %192, ¢, Stiffer cargo is internalized via wrapping the cellular membrane without
deforming the particle. Softer cargo undergoes large deformation during internalization causing
changes in aspect ratio thereby increasing the energy barrier for full wrapping &5°1%.
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1.2 Mechanical factors regulating endocytosis

It is well appreciated that several mechanical factors regulate endocytosis. In this section, |
will provide an overview of different mechanical factors, considering the properties of membrane,

extracellular interaction, and cargo.
1.2.1 Membrane tension

The plasma membrane of cells is under tension as a result of the in-plane tension in the lipid
bilayer due to intracellular hydrostatic pressure and the cortical tension due to the cortical actin
cytoskeleton 22, In-plane tension and cortical tension are interdependent 23 and together they play
a major role in regulating endocytosis ?>%*. Membrane tension affects the rate of nucleation and
lifetime of endocytic events in different pathways by inhibiting curvature formation and membrane
scission 11232526 Coarse-grained simulations have shed light on the inhibitory effect of membrane
tension on curvature generation 228, At high membrane tension (0.2 pN/nm), the assembly of coat
proteins may not be sufficient for spontaneous flat-to-dome transition of plasma membrane critical
for endocytosis. Whereas, at low membrane tension (0.002 pN/nm), increasing coat area of
endocytic proteins induces flat-to-dome transition in the membrane. An acute drop in membrane
tension is also associated with initiation of ultrafast endocytosis and formation of clustered
endocytic structures 2?°. Increased membrane tension also inhibits the transition of membrane
invaginations from an open (U shape) to a close () topology (Figure 1.2a) 2”2, An increase in
plasma membrane tension has been associated with stalling of endocytic structures in the
membrane 1?8 and an alteration of the morphology and size of endocytic pits 2332, Action of
actin cytoskeleton and membrane curvature generation proteins is necessary to rescue endocytosis

at high tension 262632, Membrane tension and concentration of endocytic coat proteins control the



shape of membrane invaginations 283 . For instance, membrane tubulation can be induced by
increasing protein coverage at constant membrane tension or by decreasing membrane tension at

constant coverage .

In the last decade, we have gained a better understanding of the role membrane tension
plays in several classical pathways of endocytosis (e.g., CME, phagocytosis) 223, At the same
time, newer studies are putting much more emphasis on CIE pathways and their coupling with
exocytosis as a major response mechanism against membrane tension variations ®2°. I expect such
studies to uncover deeper insights into how cells cope with acute variation in membrane tension
(e.g., muscle cells), perhaps by coupling of fast endocytosis and exocytosis to prevent membrane

damage.
1.2.2 Membrane rigidity

Bending rigidity of the plasma membrane determines the resistance of the lipid bilayer to bending
36,37 Bending rigidity of the bilayer strongly depends on the composition of the membrane *'.
Reduction of bending rigidity of the membrane by incorporation of polyunsaturated phospholipids
was shown to increase endocytic activity 3. Amphipathic insertion of protein into membranes
initiates membrane budding by altering membrane rigidity 3°. Alpha helix insertion rigidifies the
membrane and induces spontaneous curvature in a lipid bilayer. However, as the insertion depth
increases, the membrane rigidity reduces after reaching a maximum “°. Concurrently, spontaneous
curvature changes from positive to negative 4°. Once the endocytic coats are formed, the increased
rigidity imparted by the coat proteins stabilizes invaginations 34!, Membrane bending simulations
showed that bending rigidity mediates the smooth transition between open (U shaped) to closed
(Q shaped) endocytic pits 2. Membrane rigidity also controls the ease of scission of endocytic

vesicles from the plasma membrane “>*3. An increase in membrane rigidity delays or inhibits
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vesicle scission by increasing the elastic energy barrier for dynamin-mediated membrane fission

43

1.2.3 Physical confinement of cells and mechanical properties of extracellular matrix

Endocytosis pathways play important roles in mediating the interaction between cells and the
ECM. Physical confinement of cells and properties of ECM like stiffness have been shown to
regulate endocytosis >4* (Figure 1.2c). Cells spread on large adhesive islands showed a reduction
in endocytic and phagocytic activity 324°, Changes in stiffness of ECM, due to infection or other
disease conditions, can initiate phagocytosis response in macrophages “®#'. Increase in matrix
stiffness enhances vascular endothelial growth factor receptor VEGFR-2 internalization, signaling,
and proliferation of tumor-like phenotype in endothelial cells *34°. Endocytosis of integrin B1 in
bone marrow mesenchymal stem cells on collagen I-coated substrates promotes cell differentiation
to a neuronal lineage °°. Thus, cells may utilize endocytic pathways as a mechanosensitive conduit
for sensing and responding to changes in ECM. Physical confinement of cells and increase in ECM
stiffness could downregulate membrane remodeling on the adherent face of cells, which is
necessary for endocytosis. Increased substrate stiffness can inhibit or stall endocytosis on the
adherent face of a cell %. Cells also respond to different substrate stiffnesses by preferentially up-
or down-regulating specific endocytic pathways. Cellular uptake of nanoparticles by bovine aortic
endothelial cells on a stiff substrate resulted in a higher total cellular uptake on a per cell basis, but
a lower uptake per unit membrane area °!. Cells cultured on softer hydrogel substrate exhibited
reduced CME of transferrin without affecting the rate of CIE of cholera toxin subunit B #4. Until
recently, researchers have largely ignored the effect of physical microenvironment on endocytic
pathways like phagocytosis °. This gap of knowledge was due to the fact that traditional cell-based

studies are performed on 2-dimensional petri dishes. Wider usage of 3D and 2D cell culture



systems with tunable stiffnesses, that are amenable for high-resolution microscopy will hopefully
bridge this knowledge gap. It is not yet clear whether an increase in ECM stiffness or physical
confinement of cells have an inhibitory effect on all endocytic pathways. Furthermore, | have
barely scratched the surface on the crosstalk between ECM properties and endocytic cargo
properties, and how they regulate the endocytic machinery. Future works need to address the

combinatorial effects of multiple mechanical stimuli on endocytosis.
1.2.4 Physical properties of cargo: shape, aspect ratio, stiffness

Endocytosis is the primary mode of entry for particulate matter into the cells like
nanoparticles, viruses and bacteria. The physical properties of these cargos can often determine
the type endocytic pathway used and the rate of uptake %2. The endocytic pathway for nanoparticles
depends on the size, aspect ratio and stiffness 8. Hydrogel-based nanoparticles with a large bulk
modulus (3000 kPa) were internalized at a higher rate by epithelial tumor cells and brain
endothelial cells, compared to internalization of softer particles. The phagocytic rate by J774
macrophages is also higher for stiff particles compared softer ones >3, Spherical nanoparticles with
a 25 nm radius and made with different materials (gold, silica, single-walled nanotubes) have an
optimum endocytic uptake %%, Nanoparticles and other cargos with higher aspect ratio show
reduction in uptake compared low aspect ratio ones. It is thought that an increase in aspect ratio
impedes effective membrane wrapping needed for endocytic entry. However, when high aspect
ratio nanoparticles become oriented with the major axis being perpendicular to the membrane, the
nanoparticles may enter the cell by tip entry (Figure 1.2d) 5%, Interestingly, pathogens like E.
coli and fungi form high aspect ratio filaments during infection, and this could cleverly inhibit
phagocytosis and help pathogens evade an immune response °"*8. Molecular dynamic simulations

have shown that softer nanoparticles may increase the energy barrier for effective membrane

10



wrapping due to an increase in curvature of the leading edge of particle during internalization
(Figure 1.2e) 8%°, Interestingly, this deformation of nanoparticles during internalization negatively

regulates uptake °°.

For instance, macrophages prefer uptaking stiff microgels via
macropinocytosis and softer gels via phagocytosis ®°. This may be due the extensive membrane
remodeling capability of the phagocytosis pathway. Optimizing the physical properties of

nanoparticles and other drug delivery vehicles to improve cellular entry via endocytosis —a concept

known as mechanotargeting — may drastically advance the specificity of cellular targeting 8-,

In the following sections, | will review key understanding of how various physical and

mechanical properties of the plasma membrane and cargo regulate specific endocytic pathways.
1.3 Mechanoregulation of clathrin-independent endocytosis

1.3.1 Macropinocytosis

Macropinocytosis involves nonspecific uptake of extracellular materials via membrane
protrusions driven by actin polymerization. The protrusive structures fuse with the basal membrane
forming a vesicle of 0.2 to 0.5 um in size . Membrane ruffling is heavily associated with the
initiation of macropinocytosis. Peterson et al. showed that lipid raft disruptions caused by
mechanical or kinetic factors can lead to the activation of phospholipase D2 (PLD2), which is
involved in endocytosis and actin polymerization 7. Subsequently, Loh et al. showed that an
acute drop in membrane tension by osmotic shock activated PLD2, which in turn led to
phosphatidic acid (PA) production, F-actin and PIP.-enriched membrane ruffling in myoblasts.
They identified that F-actin and PIP2-mediated ruffling initiate macropinocytosis 8. Further,
mechanical stretching of muscle cells led to PA-enriched macropinosomes, which act as a platform

for mTOR recruitment and activation %°. Macropinocytosis has been identified as the preferential
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route of uptake for soft particles like hydrogel-based nanoparticles ">, Aspect ratio of the cargo
has also been shown to play an important role in macropinocytosis. Mesoporous silica nanoparticle
with an aspect ratio of 2.1-2.5 were preferentially internalized via small GTPase-dependent

macropinocytosis compared to nanoparticles with a higher or smaller aspect ratio .
1.3.2 Phagocytosis

Phagocytosis involves ingestion of large particles like bacteria into phagosomes for lysosome-
based degradation. Phagocytosis involves extensive mechanosensing, membrane and cytoskeletal
remodeling to ‘search and destroy’ pathogens °. This remodeling is a two-phase process depending
on the membrane tension and other mechanical characteristics of the cell. In the first phase,
polymerization of actin pushes the membrane to extend pseudopods. The second phase is initiated
once the membrane reservoirs are depleted causing the membrane tension to increase. This
membrane tension increase alters activity of small Rho GTPase Racl, and 3’-phosphoinositide and
cytoskeletal organization. Further, it activates exocytosis of GPIl-anchored protein-containing
vesicles to replenish membrane area that is necessary to carry out phagocytosis of large particles
34_

Controlling cell shape modulates pro-inflammatory (M1) vs. pro-healing (M2) activation of
macrophages. Induction of macrophage elongation by confinement in high aspect ratio
microcontact printed islands result in polarization towards an M2 phenotype. This confinement
upregulated the effect of M2-inducing cytokines and while downregulating the effect of M1-
inducing cytokines 3. Preventing cell spreading by spatially confining macrophages on
micropatterned islands, circular 3D microwells or cell crowding reduces their bacteria uptake and
cytokine secretion. This may be due to reduced transcriptional activity of M1 macrophage that is

regulated by actin and myocardin-related transcription factor A (MRTF-A) as a result of area
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confinement *°. Further, macrophages were unable to phagocytose higher aspect ratio of filament-
formed E. coli, as such structures presented limited access of bacteria poles for macrophages to
initiate phagocytosis °.The ability for macrophages to detect variations in ECM stiffness
associated with tissue inflammation is necessary for their phagocytic response. Beningo et al.
showed that Fc-mediated phagocytosis is regulated by the mechanical properties of its target. By
microinjecting constitutively active Racl, phagocytosis of softer particles by macrophages could
be activated 4. Bakalar et al. showed that antigen height mediates the phagocytosis of engineered
and tumor-specific antigens . Phagocytosis was severely inhibited by antigens that created a
separation of more than 10 nm between antibodies and target surface °. Scheraga et al. showed
that a mechanosensitive ion channel transient receptor potential vanilloid 4 (TRPV4), triggered by
changes in ECM stiffness due to inflamed or fibrotic lung, mediates lipopolysaccharide-stimulated
murine macrophage phagocytosis 4’. Bacterial pathogen-associated molecular pattern molecules
(PAMPs), cytokines (IFNy), substrate rigidity, and stretch via actin polymerization and small Rho
GTPase activity can control macrophage phagocytosis independently. This suggest a coordinated
mechanism to increase macrophage phagocytosis in disease states like pneumonia which is
associated with an increase in tissue rigidity and production of PAMPs or inflammatory cytokines
46 This mechanism likely play an important role in regulating macrophage activity during

pulmonary infection and fibrosis #'.

1.3.3 Caveolae-mediated endocytosis
Caveolae-mediated endocytosis uses membrane proteins caveolins (e.g., Cav-1) and cavins to
create 50-60 nm sized, sphingolipid and cholesterol-rich flask-shaped plasma membrane pits

called caveolae . Caveolae are closely associated with actin stress fibers and are internalized in
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response to various mechanical and chemical stimuli 2%”7. Filamin A anchors caveolae to the
plasma membrane by linking them to the actin fibers. Loss of cell adhesion induces rapid
internalization and trafficking of caveolae to perinuclear compartments 8, specifically to recycling
endosomes. This internalization is mediated by the loss of linkage between caveolae and actin
fibers due to the rapid protein kinase Ca-mediated phosphorylation of filamin A *°.

Cells respond to increasing membrane tension by flattening or dissembling of caveolae 8-
82 Muscle cells utilize caveolae flattening to protect themselves from membrane rupture due high
tension 82, The enhanced membrane fragility in myotubes of muscular dystrophic patients has been
attributed to the absence of caveolae reserve in their muscle cells &, Similar to individual caveolae,
clusters of caveolae known as caveolar rosettes are stabilized by low tension and destabilized by
high tension (Figure 1.2a) . It has been shown that plasma membrane wounds induce lysosomal
exocytosis and subsequent caveolar rosette formation to seal the membrane 8. On the other hand,
actin fiber anchorage of caveolae inhibits the formation of caveolar rosettes . In response to
mechanical stress, cells increase the phosphorylation of Egrl (early growth response-1)
transcription factor and thereby inhibiting its suppression of Cav-1 and cavin-1 genes, which in
turn upregulate caveolae biogenesis . Given all these, it is widely accepted that caveolae in the
plasma membrane act as a buffer system against rapid membrane tension changes either by
flattening of caveolae (during tension increase) or forming caveolae rosettes (tension decrease) 2.

Cav-1 is implicated in the force-induced cytoskeletal reorganization mediated by RhoA &’
and the maturation of contractile smooth muscle cells induced by transforming growth factor TGF-
B1 8. Cav-1 is also associated with focal adhesion turnover via regulation of RhoA . Further,
Cav-1-dependent B1 integrin and fibronectin endocytosis mediate fibronectin matrix turnover,

pointing towards the role of Cav-1 in ECM remodeling ®. Low shear stress induces Cav-1
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clustering in lipid rafts and co-localization of Cav-1 and membrane type 1-matrix
metalloproteinase in invadopodia®. Cav-1 activation induces PI3K/Akt/mTOR signaling which in
turn promotes motility, invadopodia formation and metastasis of breast cancer cells °*. Cav-1 also
favors cell elongation in three dimensional cultures and metastasis by enabling Rho and
actomyosin-mediated matrix reorganization °2. Given the tight connection of Cav-1 with several
key cell signaling pathways, coupled with the mechanoregulation of caveolae
assembly/disassembly by mechanical stresses, caveolae are viewed as key structures for cells to
rapidly respond to extreme mechanical stresses in the plasma membrane and to changes in ECM

due to inflammation and other disease conditions.
1.3.4 Clathrin- and caveolin-independent endocytosis

Cells use multiple endocytic pathways which do not involve clathrin coat formation and
caveolae formation. These endocytosis modes have a very high capacity to internalize membrane,
thereby making them the rapid responders to abrupt mechanical changes in cells 223939 _Clathrin-
independent endocytosis (CIE), as these mechanisms are generally known, is further classified
based on whether they use dynamin for membrane scission or not. RhoA-mediated endocytosis,
fast endophilin-mediated endocytosis (FEME), Shiga toxin-induced tubules, and ARF6-mediated
endocytosis are CIEs involving dynamin for mediating membrane scission. Cdc42 dependent
endocytosis (clathrin-independent carriers (CLICs) / glycosylphosphatidylinositol- anchored protein
(GPI-AP) enriched compartments (GEECs) pathway or CG pathway) and flotillin-mediated
endocytosis are CIEs, which do not use dynamin-mediated scission %°. One of the major CIE
pathway, the CG pathway, has been suggested to be involved in the fast response to membrane
tension decrease due to its rapid rate of membrane internalization ¢, The surface area-to-volume

measurement suggests that the CG pathway can turn over the entire plasma membrane of
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fibroblasts in 12 minutes %%, This fast membrane recycling by CG pathway coupled with rapid
exocytosis is utilized by fibroblasts to regulate membrane area during spreading €. Inhibition of
the CG pathway was also shown to reduce membrane tension®. Vinculin is shown to mediate the
membrane tension response of CG pathway by controlling guanine-nucleotide exchange factor
GBF1 in the plasma membrane °*. Inverted BAR protein IRSp53 enables the formation of tubules
in the CG pathway by reducing the force needed to sustain tubules *°. The activity of IRSp53 to
enable tubule formation and aid membrane scission in CG pathway is depended on its density and

membrane tension 1%,

Ca?*-dependent endocytosis is involved in rapid sealing of microbial-toxin induced
membrane rupture by internalizing lesions from the plasma membrane 1. Neuronal synapses use
actin and dynamin-mediated ultrafast CIE for recycling synaptic vesicles 2°. Recycling synaptic
vesicles is necessary to remove excess membrane from the plasma membrane to maintain optimal
tension needed for synaptic vesicle fusion 2%1%2, In yeast cells, inhibition of TORC2 controls CIE
pathways by modulating membrane tension °. Elevated membrane tension upon TORC2
inhibition, inhibits the binding of adaptor proteins Sla2 and Entl to actin cytoskeleton as well as
hinders the recruitment of Rvs167, a N-BAR protein involved in vesicle fission, to endocytic sites,
leading to the downregulation of endocytosis in yeast. Altogether, these findings point to the vital
role of CIE pathways in rapid reorganization of the plasma membrane in response to physical

stresses and membrane ruptures %4,
1.4 Clathrin-mediated endocytosis

CME involves internalization of cargo by packaging it in 60 - 120 nm sized clathrin-coated

vesicles 1. CME is a well-studied endocytic pathway, fundamental to nutrient uptake,
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neurotransmission, signal transduction and intercellular communication 1%, CME, with clathrin-
coated pits (CCPs) as the fundamental functional units, is a multi-step process involving extensive
sculpting and reorganization of the plasma membrane. Initiation of CME is triggered by the
recruitment of adaptor protein complex AP2 and membrane bending BAR domain and E/ANTH
domain proteins %197 The clathrin coat is assembled at the sites of adaptor protein nucleation.
Concurrent with cargo recruitment, a CCP matures into a dome-shaped invagination, which is
subsequently reorganized to a Q-shaped pit and cleaved from the membrane to form a clathrin-
coated vesicle. The membrane reorganization in CME is regulated by mechanical factors like
membrane tension, membrane rigidity and stiffness of the ECM and cargo *!%. In the section
below, | will examine how different stages of CME, through a CCP’s lifecycle from initiation to

scission, is modulated by mechanical stimuli.

1.4.1 Initiation

The initiation of CME is marked by the arrival of early endocytic adaptor proteins like AP2 *,
Although initiation events are generally considered stochastic 1°°, ‘hot spots’ for CCP initiation
exists at specific regions of cells 1°, which can be based on the presence of specific lipid or cargo
proteins 1. Mechanical factors like area of confinement, local membrane tension, and polarity of a
cell may play a role in the selective initiation of CME at specific membrane sites 2632111112,
Endocytic proteins like AP2, epsin 1, amphiphysin 1 show preferential recruitment to regions of
pre-existing sub-micron curvature. Unsurprisingly, pre-curved membranes show increased rate of
endocytic nucleation events 3. An increase in membrane tension correlates with a reduction in
CME initiation density '°. CME nucleation proceeds only after the recruitment of membrane
curving protein above a critical density above which the membrane transitions from a flat to curve

morphology, and this critical density is a function of membrane tension 2", Coarse-grained
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molecular dynamic simulations show that membrane tension controls the assembly of curvature-
generating, BAR domain-containing proteins. Elevated tension inhibits BAR protein
oligomerization, N-BAR domain’s interaction with membrane and alters the geometry of BAR
protein aggregates *'4. Local reduction in membrane tension by myosin-based contraction can
accelerate the recruitment of BAR proteins at the leading edge of a polarized cell 5,

Membrane bending proteins can alter the mechanical property of the membrane to achieve
membrane curvature . Purified ENTH domain binding to giant unilamellar vesicles (GUVSs)
causes considerable reduction in area compressibility modulus and the bending rigidity of the
membrane 6. The insertion of helix-0 of ENTH domain into membrane, tubulates membrane at
low tension and soften the bilayer at higher tension 6. Helix insertion reduces the energetic cost
of membrane bending and makes tubule formation energetically less costly 11617 Consistent with
this, osmotic pressure-induced tension enhances the hydrophobic insertion of N-BAR domain of
amphiphysin into membrane '8, This may be due to the increase in density of lipid packing defects,
which aid in helix insertion of BAR proteins %2, Further, spontaneous membrane bud formation
aided by protein crowding by intrinsically disorder proteins like epsin and AP180 is also controlled
by global membrane tension which equilibrate lipid-protein binding energy and membrane free

energy 2L,
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Figure 1.3. Clathrin bud formation under different tensions.

a Membrane bending model for clathrin-mediated endocytosis (CME). Constant curvature model
(top panel), where membrane bending proceeds with a constant radius of curvature with
continuous addition and polymerization of clathrin triskelion. Constant area model (bottom panel),
where clathrin triskelion polymerizes into a flat coat then remodels into a coated pit 1°. Reproduced
under the terms of the CC BY 4.0 license. Copyright 2018, The Authors, published by Springer
Nature. b. Distinct mode of membrane bending observed in cells via polarized-TIRF. Constant
curvature model for membrane bending observed by pol-TIRF (left panel). Clathrin and P/S signals
proceed together indicating synchrony of clathrin assembly and curvature. Dynamin recruitment
in the end shows the scission of the coated pit. Constant area model for membrane bending
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observed by pol-TIRF (right panel). Clathrin signal plateaus prior to the start of P/S signal
indicating clathrin assembly began as a flat sheet and subsequent remodeled into a vesicle.
Dynamin recruitment in the end shows the scission of the coated pit ‘6. Reproduced under the terms
of the CC BY 4.0 license. Copyright 2018, The Authors, published by Springer Nature. c. Phase
diagram of predicted budding state as a function of the scaled membrane tension and scaled
clathrin polymerization energy. Four possible states of a single bud are considered in the model:
bare membrane with no clathrin binding, shallow membrane with partial budding, hemispherical
membrane with partial budding and spherical membrane with full budding *?2. Reproduced under
the terms of the CC BY 4.0 license. Copyright 2015, Nature Publishing Group. d. Transmission
electron microscopy images of clathrin buds and flat coats (pointed by blue arrows) under normal
condition and osmotic shock (scale bar: 100 nm) %, Reproduced under the terms of the CC BY 4.0
license. Copyright 2018, The Authors, published by Springer Nature. e. The proportion of flat and
domed structures in normal and osmotic shock condition. Increase in membrane tension via
osmotic shock increases the proportion of flat assemblies. The predicted proportion of flat and
dome structure is shown based on the constant area model . Reproduced under the terms of the
CC BY 4.0 license. Copyright 2018, The Authors, published by Springer Nature.

1.4.2 Coat assembly
Clathrin triskelia are recruited directly to adaptor protein nucleation sites to form cage-like
clathrin coat *. Clathrin polymerization is necessary for the stabilization of the membrane
invaginations. The assembly and formation of the coat is regulated by membrane tension and
rigidity %22, There exist two competing hypotheses for clathrin scaffolding mechanism. The first
model, the constant curvature model, considers the direct polymerization of clathrin coat to curved
membrane as the pit increases in size (Figure 1.3a top). A second model, the constant area model,
considers clathrin assembly to occur on flat membrane and after the critical density of clathrin coat
is reached, the flat assembly reorganizes into a spherical coat while maintaining a constant clathrin
coat area (Figure 1.3a bottom).
Membrane tension has an inhibitory effect on clathrin coat polymerization, coat size and
shape 32122, The shape stability curve of membrane invaginations shows the existence of multiple
invagination topologies mediated by membrane tension and protein density ?? (Figure 1.3b). An

increase in membrane tension results in premature disassembly of clathrin coat 3>, Increasing
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membrane rigidity also inhibits clathrin coat formation 3322, This is consistent with the early
finding that the rate of endocytosis is slower on the apical side of an epithelial layer where the
membrane rigidity is elevated 23, Membrane curvature generation proteins like epsin enable coat
formation under higher tension and rigidity 2322, but the precise mechanism of how epsin achieves
this remains unknown. Coarse-grained modeling shows that higher tension stabilizes large, flat
clathrin plaques, whereas lower tension leads to smaller budded structures 24, Flat, flake-like
clathrin structures, which are slowly internalized with the help of actin, are found on the basal
surface of fibroblasts adhered to solid substrate, whereas small, curved, and pit-like structures with
non-hexagonal faces are found on the apical membrane 2. An increase in substrate rigidity causes
the formation of stalled and flat clathrin-coated structures that are mediated by avp5 integrin *°.
Although in vitro biochemical data on clathrin coat polymerization have favored the constant
curvature model %, the observation of flat clathrin lattices have challenged the canonical constant
curvature model. Recent studies based on super-resolution imaging and correlative light electron
microscopy have shown evidence for the existence of the constant area model (Model 2) for
clathrin coat formation 116126 Quantification of membrane curvature using polarized TIRF by
selectively exciting Dil molecules in vertical (p-pol, P) or horizontal membrane (s-pol, S) during
clathrin assembly shows the presence of both modes of coat curvature generation (constant
curvature model and constant area model) can occur in the same cell *¢ (Figure 1.3c). Constant
area model of coat formation by flat-to-dome transition is heavily regulated by clathrin-adaptor
ratio and membrane tension. Osmotic shock-induced tension increase inhibits the transition from
flat to curved coated structures ! (Figure 1.3d, €). Factors determining the mode of clathrin coat

assembly, like distribution of membrane bending proteins %', lateral membrane tension %2, local

21



actin polymerization 26128 and cargo binding *2°***° vary locally in the plasma membrane, leading

to the presence of both modes of assembly in cells.
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Figure 1.4. Experimental confirmation of U to Q transition of clathrin-coated pits (CCP)
with the aid of actin.

a. Schematic depicting actin polymerization at the base of a CCP with the network attached to the
coat, causing a net inward force on the bud. b. At constant coat area and spontaneous curvature,
force (red dash) of actin polymerization adjacent to the coat drives transition of U-shaped pit
(dashed line) to Q2-shaped pit (solid line). The final applied inward force on the bud was f=15 pN.
c. Schematic depicting actin assembly at the neck of coated pit directly providing a constricting
force. d. A constricting force (red dash) of actin polymerization adjacent to the neck of the coat
drives transition of U-shaped pit (dashed line) to Q-shaped pit (solid line). The final applied
constriction force on the bud was f <1 pN2, Copyright 2017, Proceedings of National Academy
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of Sciences. e Synchronous roles of actin and BAR proteins in forming membrane invagination.
In the presence of BAR scaffold, a reduced dependence on actin force is required due to a stronger
squeezing effect of the BAR scaffold. In the absence of BAR proteins, a tension-dependent critical
actin force is needed to induce U to Q-shape transition 2’. Copyright 2015, Proceedings of National
Academy of Sciences. f. Schematic of dual-color side view super-resolution images (top panel).
The localization of actin and actin nucleating proteins (Wiskott—Aldrich Syndrome protein
(WASp): Las17) in CCPs of yeasts (bottom panel). Reproduced under the terms of the CC BY 4.0
license. Copyright 2018, The Authors, published by Cell Press. g. Dual-color side-view super-
resolution images of Las17-SNAP and Abpl-mMaple at individual endocytic sites. h. Running-
window averages of Las17 and Abpl at endocytic sites with overlay of average outer boundaries
of the actin network (dotted lines), and average plasma membrane profiles (solid line) (scale bar:
100 nm, Nevents Las17 =8599, Nevents Abp1 =2849). Images (g) and (h) show the transition of CCPs from
U shape to Q-shape mediated by actin polymerization initiating at the neck of the CCP 3.
Reproduced under the terms of the CC BY 4.0 license. Copyright 2018, The Authors, published
by Cell Press. i. Actin binding protein 1 (Abpl) imaged by super-resolution imaging is overlaid
on diffraction-limited Rvs167-GFP (BAR protein) in yeast showing the aforementioned
synchronous effect for vesicle scission in yeast cells. Reproduced under the terms of the CC BY
4.0 license. Copyright 2018, The Authors, published by Cell Press.

1.4.3 Maturation and scission

The clathrin-coat assembly leads to the formation of hemi-spherical CCPs. Transition of hemi-
spherical domes (U shape) to closed (Q shape) pits is necessary for the internalization of cargo
molecules. Membrane scission proceeds by assembling dynamin into tight oligomers of initial
radius of 10 nm around the neck of a CCP to constrict the neck !. Coarse-grained simulations show
that at physiologically significant value of membrane tension (0.02 pN/nm), the transition from an
open to a closed bud occur spontaneously through a snap-through instability 27?8, The snap-
through instability occurs when a small change in clathrin coat area causes the hemi-spherical bud
to abruptly close to a Q-shaped morphology. At high tension, increasing the coat rigidity and the
force from actin polymerization around CCPs together ensure CCPs experience a smooth transition
from an open to closed bud morphology without snap-through instability 2 (Figure 1.4a, b, c, d).
This is consistent with a previous study where disrupting actin cytoskeleton by Jasplakinolide

caused stalling of CCPs in cells under hypo-osmotic shock 6. The transition of hemispherical bud
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to Q-shaped bud exists over a range of membrane tension, and it is driven by BAR domain proteins
and actin cytoskeleton (Figure 1.4e)?. Super-resolution imaging has enabled the visualization of
actin-aided transition of CCPs from open to close buds in yeast cells (Figure 1.4f, g, h) *%. BAR
domain proteins also facilitate membrane scission of CCPs. BAR protein scaffold imposes a
frictional force on the neck of the membrane invagination, while an external force provided by
actin assembly can pull to elongate the invagination. Although CME does not rely on dynamin to
mediate membrane scission in yeast, a similar principle applies where the BAR domain of

Rvs161/167p stabilizes the neck and induces friction to mediate scission of the membrane (Figure

1.4i) 12
Structured Unstructured
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Fig. 1.5 E/ANTH proteins and their domains.
a. Schematic of protein domains of ENTH and ANTH domain proteins epsin, enthoprotin, CALM

and AP180 showing the structured ENTH or ANTH domain along with the unstructured regions
containing endocytic protein binding sites.
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1.4.4 ENTH/ ANTH proteins and their role in inducing membrane curvature in CME
Epsin/AP180 N-terminal homology (E/ANTH) domain proteins is a major protein super
family involved in membrane bending at clathrin-coated pit (CCP) budding®®**® (Figure 1.5).
Epsin N-terminal homology (ENTH) domain is an evolutionary conserved protein domain
associated with CME initiator proteins!31**, AP180 N-terminal homology domain is a structurally
similar domain to ENTH also associated with CME adaptor proteins. In mammals, ENTH proteins
include Epsin 1, Epsin 2, Epsin 3 as well as Enthoprotin and, ANTH proteins include AP180,
CALM, HIP1 and HIP1R3, ENTH domain upon binding to inositol phospholipids (PtdIns(4,5)P2)
forms an amphipathic helix referred to as a0, which is hypothesized to insert into the bilayer
initiating membrane bending®***% The N-terminal 1-18 residues in ANTH domain of CALM
forms an amphipathic helix binding to inositol phospholipids (Ptdins(4,5)P2)*?’. The c-terminus of
both epsin family and AP180 family have short peptide motifs and protein domains that interact
with proteins in clathrin coat complex**3. These c-terminus regions of Epsin/ AP180 are long
natively unstructured regions called intrinsically disordered protein (IDP) domains and have been
shown to cause protein crowding”8. In vitro studies have shown that the steric repulsion arising
from protein crowding of Epsin/AP180 on the membrane can also drive membrane curvature

formation. It is still debated which mechanism plays a stronger role in bending lipid bilayer.

The proteins involved in endocytosis and mechanical stimuli that can regulate these proteins

are summarized in Table 1.1.
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Endocytosis Associated Mechanical Response to mechanical stimuli Refer
process protein or stimuli ence
protein
complex
Macropinocytos Racl and Aspect ratio of Differentially uptake NPs of aspect 2
is CDC42 cargo ratio 2.1-2.5, by forming filopodia
with  activation of the actin
cytoskeleton.
Phosphatidi Membrane Enrichment of PA in
cacid stretching macropinosomes, which act as a
platform for mTOR recruitment and
activation
PLD2 Membrane Activation of PLD2 lead to ©8
tension phosphatidic acid (PA) production, F-
actin and PIP2 enriched membrane
ruffling in myoblasts
Phagocytosis Racl Substrate Control actin reorganization for cup 467
stiffness and formation and activate phagocytosis
membrane of softer particles.
tension
Cdc42 Substrate Promote actin organization and
stiffness increase cell elasticity
Myocardin- Area Down regulated lead to reduction in #°
related confinement M1 macrophage transcription
transcriptio
n factor-A
(MRTF-A)
Transient Substrate Extracellular matrix stiffness in the 4’
receptor stiffness range of inflamed/fibrotic lung
potential promotes TRPV4 activity leading to
vanilloid 4 anti-inflammatory phenotypic change

and increase in phagocytic activity
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(TRPV4)

ion channel
Caveolae- Cav-1 Low shear Cav-1 clustering in lipid rafts and
mediated stress activation  of  PI3K/Akt/mTOR
endocytosis signaling
Cav-1 and Membrane Reduction in Cav-1 Cavin 1 %
Cavin-1 stretch interaction by membrane stretch
causes caveolae disassembly. Cavin-1
become cytosolic
Filamin A Loss of cell Phosphorylation of filamin A, causes ’°
adhesion loss of linkage between caveolae and
actin fibers.
Clathrin/caveol  GPI- Membrane Drop in  tension  upregulate %497
ae independent anchored tension CLIC/GEEC pathway and uptake of
endocytosis proteins GPl-anchored protein
Vinculin Membrane Inhibit ~ CLIC/GEEC  pathway %
tension endocytosis to reduce tension
TORC2 Membrane Drop in tension causes clustering of 1%
tension TORC2 to PtdIns(4,5)P2-enriched
PM domains and induce CIE
Clathrin- Clathrin Membrane Reduction in recruitment 32
mediated tension
endocytosis
Actin Membrane Actin polymerization enable transition 2
tension of open CCP to closed CCP prior to
scission at high tension
ENTH Membrane Ho helix insertion into membrane 6
domain tension causes tubule formation at low lateral
proteins tension, whereas it reduces membrane
rigidity at higher membrane tension
N-BAR Membrane Oligomerization of bar proteins and !4
proteins tension their interaction with membrane is

inhibited by tension
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Table 1.1: Mechanome of endocytosis.

Important mechanosensitive proteins involved in different endocytic pathways. A brief description
of mechanical stimuli and response of each protein to that stimulus is provided.

1.5 Dissertation outline

Using epsin as a model of membrane bending proteins, in the following chapters I will investigate
how membrane bending in clathrin-mediated endocytosis is regulated by mechanical stimuli. In
Chapter 2, 1 will discuss the role of membrane tension in recruiting epsin into CCPs. Further, 1 will
also present data supporting the presence of tension-sensing alpha helix in structured ENTH region
of epsin. In Chapter 3, | will present the role of epsin specifically its disordered domains in
stabilizing productive CCPs at high membrane tension. Together from the data presented in
Chapters 2 and 3, | propose the model of epsin supporting CME using the complementary action
of ENTH and IDP domains. In Chapter 4, | will describe the role of epsin in influenza virus uptake
via CME. | will specifically provide evidence into how physical parameters of the virus cargo
enable the selective recruitment of epsin into IAV-containing CCPs. Finally, in Chapter 5, I will
summarize the important findings from the work and explore the future directions for

mechanotransduction of endocytosis.
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Chapter 2 Membrane Bending Protein Epsin Mediates Membrane
Tension Dependent Recruitment into Clathrin-Coated Structures

via Amphipathic Helix Insertion.

The results of this chapter were published in part in Communication Biology (2020). J.G.J., A.A.,
and A.P.L. conceived the study, J.G.J., C.O., A A., and A.P.L. designed the experiments, J.G.J.
and V.Y. performed the experiments, C.O. carried out the molecular dynamics simulation, J.G.J.,

A.A., and A.P.L. wrote the paper. All authors commented on the paper and contributed to it.

2.1 Abstract

Membrane tension plays an inhibitory role in clathrin-mediated endocytosis (CME) by
impeding the transition of flat plasma membrane to hemispherical clathrin-coated structures
(CCSs). However, CME is not completely halted in cells under high tension conditions. Here
we find that epsin, a membrane bending protein which inserts its N-terminus Ho helix into lipid
bilayer, supports the nucleation of CCSs at high tension. The recruitment of epsin increases in
CCSs in cells with elevated membrane tension, generated either by increasing the area of cell
spreading or by osmotic shock. Ho helix in the ENTH domain of epsin enables its recruitment
prior to clathrin to CCP nucleation sites. This discovery is supported by molecular dynamic
simulation of the epsin N-terminal homology (ENTH) domain that becomes more structured

when embedded in a lipid bilayer. Cells expressing ENTH-deleted epsin no longer have elevated
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recruitment of epsin at high tension. The Ho alpha helix in ENTH was responsible for the loss of
tension sensitivity. Together, these findings lead to the conclusion that Ho alpha helix in ENTH
domain of epsin acts as a tension sensor which mediates the tension dependent recruitment of epsin

into CCSs.

2.2 Introduction

Clathrin-mediated endocytosis (CME) involves the internalization of cargo by sculpting
plasma membrane into 60 -120 nm sized buds, supported by a clathrin protein coat!. CME is a
well-studied endocytic pathway present in organisms at all developmental stages>*141%_ |t plays
a critical role in nutrient uptake, intracellular trafficking, and signal transduction*. CME is a
multi-step process involving (i) initiation of membrane budding with adaptor proteins and
membrane bending proteins®®197:13¢ (ji) clathrin coat formation'1® (iii) maturation of coated pits?-
28 and (iv) dynamin-mediated scission of the buds*%, Progression of CME involves extensive
deformation of flat plasma membrane to Q-shaped pits:?® which require the activity of dedicated

membrane bending proteins.

Epsin/AP180 family is a major family of proteins involved in membrane bending during
the initiation of CME3*134137_Epsin, a prominent member of the family, is known to insert its N-
terminus amphipathic helix (Ho helix in epsin N-terminus homology (ENTH) domain) into the
bilayer with a wedging effect after binding to PIP; to initiate membrane bending3*. In vitro studies
have shown that insertion of purified ENTH into giant unilamellar vesicles (GUVs) reduces
membrane rigidity and area compressibility modulus of the lipid bilayer!. Further, recruitment
of ENTH softens the bilayer at high tension and initiates tubulation at low tension!'®, ENTH is
shown to recruit selectively to highly curved surface of cylindrical membrane tethers held at
different tension*. An increase in lipid packing defects at high tension may be key in aiding helix
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insertion at high tension from theoretical studies***?°, These evidence points to the existence of a
tension-sensitive recruitment mechanism of ENTH domain-containing proteins. | hypothesize that
these endocytic membrane bending proteins possess the ability to sense membrane tension and
elevate their recruitment to plasma membrane to facilitate clathrin-coat budding at elevated
tension. There exists an interplay between membrane tension and peripheral protein density that
mediates membrane deformation®. However, there is still ambiguity in the exact mechanism of
ENTH binding at different tensions, and a lack of experimental evidence for tension-mediated
recruitment of epsin to clathrin coat nucleation sites in cells. In this chapter, | used the combination
of total internal reflection fluorescence (TIRF), mechano-manipulation techniques, automated
image analysis, and molecular dynamics (MD) simulation to investigate the tension-responsive
recruitment of epsin into clathrin-coated structures (CCSs). | demonstrated that the recruitment of
epsin increases with membrane tension in CCSs. Further, using MD simulations and experiments
involving epsin mutants, | deciphered the role of Ho helix in tension sensing and the molecular

mechanism of tension-mediated recruitment of epsin.

2.3 Materials and Methods

2.3.1 Cell culture

Retinal pigment epithelial (RPE) cell was a gift from Sandra Schmid (UT Southwestern
Medical Centre). The cells were maintained in Dulbecco’s Modified Eagle Medium with nutrient
mixture F-12 (DMEM/F12) supplemented with 10% (v/v) fetal bovine serum (FBS) and 2.5%

(v/v) penicillin/streptomycin at 37°C and 5% COx.
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2.3.2 Generation of epsin EGFP and EGFP epsin lentiviral constructs

All constructs generated for this work have been sequenced for accuracy. EGFP epsin from
PMIEG3 vector (gift from Sandra Schmid, original construct from JoAnn Trejo, UCSD) was
amplified with the following primers (Integrated DNA Technologies Inc.) and cloned into pLVX
puro vector, using BsrGl and Xbal digestion: Forward primer - 5°-
ATAATATGTACAAGTCCGGACTCAGATCTC - 3’; Reverse primer - 5 —
GCGGCGTCTAGATTATAGGAGGAAGGGGTT - 3. Epsin is amplified from pLVX puro
vector, using the following primers and cloned into pLVX EGFP puro vector, using Xhol and
EcoRI  digestion to create epsin EGFP construct: Forward primer 5 —
CATCATCTCGAGGCCACCATGTCGACATCATCGCTG - 3’; Reverse primer - 5’-
ATAATAGAATTCTCCACTTCCACTTCCACTTCCTAGGAGGAAGGGGTT -3°.

Both constructs were transformed into competent E. coli cells (New England Biolabs Inc.) and

selected using antibiotics (Ampicillin).

2.3.3 Generation of epsin AENTH mutant constructs

Epsin mutant constructs were generated successively by mutagenesis using Q5® Site-
Directed Mutagenesis Kit (New England Biolabs Inc.). ENTH domain of epsin was removed using
following primers to generate epsin A ENTH EGFP: Forward primer 5’-
GCCCACGCGCTCAAGACC -3’; Reverse primer 5°- CATGGTGGCCTCGAGATCTGAG -3°.
Unstructured IDP region of epsin was removed using following primers to generate epsin AIDP
EGFP: Forward primer 5°’- GGAAGTGGAAGTGGAAGTGGAGAATTCG-3’; Reverse primer
5’- GCGCTCCTCCCGAAGCCG-3’. Ho helix in ENTH domain of epsin was substituted to

histidine using following primers to generate epsin mut-Ho EGFP: Forward primer 5’-

32



CACCACCACAACTACTCAGAGGCAGAGATC -37; Reverse primer 5’-
ATGATGATGTGTCGACATGGTGGCCTC -3°. PIP2 binding site in Ho helix of ENTH domain
was mutated from RRQMK to SSQMS using the following primers to generate epsin mut-PIP
EGFP: Forward primer 5’- GATGAGCAATATCGTCCACAACTACTC -3’; Reverse primer 5’-
TGGCTGGACAGCGATGATGTCGACATG-3’. All mutant constructs were transformed into

competent E. coli cells (New England Biolabs Inc.) and selected using antibiotics (Ampicillin).

2.3.4 Lentivirus transduction

Lentiviral vectors encoding epsin or epsin mutants were generated by transfecting 70%
confluent HEK 293T for 24 h with a plasmid cocktail. The plasmid DNA cocktail contained 1.875
Mg psPAX2, 625 ng pMD2.G, 2.5 pg pLVX vector diluted in 3 mL Opti-MEM (Thermo Fisher)
containing 15 pL Lipofectamine 2000 (Thermo Fisher) and 5 mL of DMEM media with 10% FBS
(v/v). The plasmid cocktail was replaced with fresh DMEM media containing 10% FBS after 24
h. The supernatant was harvested after 48 h, filtered through 0.3 um sterile filter and flash frozen

using liquid nitrogen.

2.3.5 Stable cell line generation

RPE cells stably expressing EGFP-tagged epsin or epsin mutant and red fluorescent protein
(mCherry)-tagged clathrin light chain a (mCherry-CLC) were generated in a two-step process.
RPE cells were transduced with retroviruses (encoding mCherry-CLC) in a pMIEG3 vector
produced by the UM vector core, followed by FACS sorting (UM Flow Cytometry core) to

generate stable RPE cells expressing mCherry CLC. RPE cells expressing mCherry CLC were
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further infected with lentivirus encoding EGFP-epsin or epsin mutants followed by antibiotic

selection (Puromycin) to generate double stable RPE cells.

2.3.6 Cell spreading on fibronectin islands

Polydimethoxysiloxane (PDMS) stamps with square shapes of size 25 um and 32 um were
created from a silicon master mold made by using soft lithography. Sylgard-184 elastomer and
curing agents (Dow Corning, Midland, MI) were mixed at a ratio of 10:1 (w/w) and casted over
the silicon mold and cured at 60 °C overnight. Fibronectin (Sigma) solution (40 png/ml) was added
onto the stamps and incubated for 1 hour at room temperature. The stamps were blown dry using
filtered air and placed in conformal contact with UV-ozone-treated PDMS-coated coverslip.
Coverslips were spin-coated with a layer of PDMS diluted in hexane (1:20) at 5,000 rpm for 2
minutes. PDMS-coated coverslips enable efficient transfer of stamped proteins. Immediately after
stamping, the coverslip was passivated with 0.1% (v/v) Pluronic-F127 (Sigma) for 1 hour,
followed by extensive washing with PBS. RPE cells were seeded on the coverslips and allowed to
selectively adhere to the square patterns. After 1 hour of seeding, media was changed to remove
non-adhering cells. The adherent cells were allowed to fully spread for 5 hours, followed by TIRF

imaging.

2.3.7 Osmotic shock

The RPE cells were imaged in three media having different osmolarities: (i) hyper — 440
mmol/kg, (ii) iso — 290 mmol/kg, (iii) hypo — 220 mmol/kg) were used. Hyper-osmotic solution
was prepared by adding 150 mM sucrose to phenol red-free DMEM containing 2.5% FBS. Iso-
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osmotic solution was DMEM media with 2.5 % FBS. Hypo-osmotic solution was prepared by
adding deionized water containing 2.5% FBS to DMEM media containing 2.5% FBS in 1:3 ratio.
All media osmolarities were checked on a Vapro osmometer. The cells were imaged between 5

minutes and 35 minutes of adding the different media.

2.3.8 Confocal microscopy

The 3D profiles of cells subjected to different osmotic conditions were imaged using
Olympus-1X81 microscope with spinning disk confocal scanner unit (CSU-X1; Yokogawa,
Japan), EMCCD camera (iXon X3; Andor, South Windsor, CT), 60x objective (NA = 1.42). A z-
step size of 0.2 um was used. EGFP was used as volume marker. The 3D reconstruction was

performed using 3D projection plugin in ImageJ.

2.3.9 Micropipette aspiration

Variation in membrane tension due to osmotic shock was quantified by using micropipette
aspiration. Glass micropipettes of inner diameter of ~5 um were fabricated by pulling borosilicate
glass pipette (BF100-50-10; Sutter Instrument) using a micropipette puller (Sutter Instrument).
The micropipette was attached to a custom-made stage with pipette holder assembly (MI-10010;
Sutter Instrument). An open chamber was made on coverslip seeded with RPE cells using VALAP
sealant. The cells were subjected to osmotic shock, using the aforementioned method. The
micropipette was made into contact with the cells with the aid of brightfield imaging using an
inverted microscope (Nikon TiS) equipped with 20 x objective and a CCD camera (CoolSNAP

MYO). A negative hydrostatic pressure of 2.156 kPa was applied to the cell to aspirate the plasma
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membrane of cells into the pipette. The ratio of equilibrium protrusion length of membrane (L) vs

inner radius of pipette was measured for different osmotic conditions.
2.3.10 Live cell imaging via total internal reflection fluorescence (TIRF) microscopy

RPE cells expressing the constructs of interest were plated on a coverslip at a low
concentration (~ 1.7 x 10° cells per 22 x 22 coverslip) and allowed to spread for 12 to 16 hours.
TIRF microscopy was performed using a Nikon TiE-Perfect Focus System (PFS) microscope
equipped with an Apochromat 100X objective (NA 1.49), a sCMOS camera (Flash 4.0;
Hamamatsu Photonics, Japan), and a laser launch controlled by an acousto-optic tunable filter
(AOTF). Cells were imaged at 2 s intervals (100 ms exposure) for 5 min at 37 °C with dual-color

excitation of 488 nm and 561 nm lasers (Coherent Sapphire).

2.3.11 Image analysis for CCS dynamics

Single-particle detection, tracking, and lifetime analysis of CCSs from TIRF-M movies
were accomplished using custom-written software in Matlab (MathWorks Inc.) as previously
described and validated by Aguet et al*®. Briefly, Gaussian mixture model fitting was used to detect
and localize CCSs. mCherry clathrin channel was assigned as the primary detection channel for
CCSs detection and EGFP as the associated secondary channel. Then, CCS tracking was
performed using p-track package!®® with a gap-closing feature, which generates trajectories of
CCSs by linking the corresponding CCSs in consecutive frames. The intensities of the images were
background-corrected along with photo-bleaching correction between time steps. CCSs with
lifetime less than 10 s were considered as transient structures and removed from later analysis.

Similarly, CCSs with lifetime greater than 120 s were considered as stalled and removed from
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downstream analysis. To further filter out the transient structures on the membrane, I also removed
structures whose maximum intensity was below an intensity threshold, which was set based on the
maximum intensity in the first 6 s of all the CCSs. | generated the lifetime and intensity data for
CCSs under two categories (i) CCSs containing EGFP-epsin and (ii) CCSs not containing EGFP-
epsin. These were further classified into six cohorts according to their lifetimes (cohorts 10-18,
20-38, 40-58, 6078, 80-98, and 100-120 s). Within each cohort, the software first realigned and
averaged the first time point of intensity time course, yielding the“appearance-aligned” average.
The time course was then aligned to the last time point and averaged, yielding the “disappearance-
aligned” average. The global average was calculated as the weighted appearance and
disappearance-aligned average, weighted towards appearance-aligned trace at the beginning and
disappearance-aligned trace in the end. The plateau intensity was calculated as 95% of the
maximum intensity values in the intensity profile of a cohort. The proportion of CCSs at each
lifetime from 10 to 120 s for each group of cells to obtain the lifetime distribution. Initiation density
representing how frequent CCSs appear for a given unit area per unit time was calculated by
dividing the median number of the newly appearing CCSs in each frame by the adhesive area of
the cell and the interval (1/30 min). Intensity analysis was performed as described previously. For
quanitification of early arrival of epsin, aforementioned analysis was repeated with EGFP as the

primary detection channel and mCherry as the associated secondary channel.

2.3.12 Molecular dynamic simulations

The MD simulation systems were composed of a bilayer with an ENTH domain of epsin (PDB
number 1HOA®4), a PIP, molecule and 99 POPC lipids in the top leaflet and 100 POPC molecules

in the bottom leaflet. In addition, the solution consisted of TIP3 (an all-atom model of water) water
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molecules with 0.15 mM KCI. The simulations were performed in GROMACS using 303.15 K

and 1 bar using CHARMMS36 force field'4,

The file taken from the protein data bank contained an ENTH domain of epsin and a PIP
head in the inserted configuration. The head group was replaced with the entire lipid preserving
the position and original orientation of the head group. Then, the POPC molecules were inserted
in a grid pattern in order to construct the bilayer. Finally, the solution with the corresponding KCl
concentration was added. All the files detailing the molecule and the equilibration procedure were

obtained from CHARMM GUI website!4!,

In order to compute different positions of ENTH with respect to the membrane, | pulled
the protein sequentially starting from the inserted configuration by imposing a restraining force on
the center of mass of the protein. Additional restrains were applied to the PIP: lipid to prevent it
from leaving the membrane. The pulling proceeds until the protein is not in contact with the
membrane. All protein configurations were given an initial equilibration time of 70 ns and a

production run of 150 ns.

The secondary structure analysis tool of VMD*? was applied on the last 100 ns of
production run to obtain the secondary structure for each residue in a given frame. The helicity
plot was subsequently created by calculating the ratio of frames classified as a helix divided by the

total number of frames for each residue.

The area plot for the inserted proteins were obtained using g-lomepro**. | used 100 ns
production run after an initial equilibration of 100 ns. Since the protein has no restrain of
movement along the plane of the bilayer during the simulation, the frames had to be centered

around the Ho helix center of mass.
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2.3.13 Statistics and Reproducibility

For intensity, lifetime and initiation density data, the statistical significance was verified by
one-way ANOVA test. Subsequently, Bonferroni and Holm multiple comparison test was
performed post-hoc between data while considering individual pairs to determine the p-values.

*, ** and *** was assigned to p < 0.05, p <0.01 and p < 0.001 respectively.

The experiments were performed at least three times with data collected from multiple cells
in each replicate, unless specified otherwise. Number of cells considered for the analysis along

with the number of clathrin-coated pit tracks is provided in the corresponding figure captions.

2.4 Results

2.4.1 Epsin recruitment increases as resting membrane tension increases

Epsin is an endocytic adaptor protein recruited to the plasma membrane during initiation
of CME to aid in membrane curvature generation'®. The ability for pits to maintain stable

curvatures until they reach maturation is essential for successful completion of a CCS lifecycle?.

Membrane tension is shown to counteract the stabilization of coated pits by increasing the
energy requirement to form a pit?’. To investigate whether epsin recruitment can counteract
varying membrane tension, | manipulated resting or acute membrane tension of RPE cells co-
expressing epsin EGFP and mCherry CLC by controlling cell spreading or by applying osmotic

shock, respectively.
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625 um’ Resting tension of an adherent cell is related to the

Figure 2.1 RPE cells expressing
epsin EGFP and mCherry CLC
spread on fibronectin square
islands of size 25 and 32 um.

1024 pm’

membrane tension exerted when the cell is fully

spread'#*145, The resting membrane tension of the cells

Clathrin

was controlled by restricting cell spreading on

microcontact-printed fibronectin islands of area 625 pum?

Epsin

or 1024 um? (Figure. 2.1). Cells spread on a larger area
experienced higher membrane tension32#4, Using dual

color TIRF imaging and an automated algorithm®®, |

Merge

detected and tracked CCSs and quantified the lifetime,
composition (whether both epsin and CLC are present or
not), and intensity of fluorescently tagged epsin (EGFP)
and CLC (mCherry) in CCSs. Cells imaged had similar

The resting membrane tension is

higher for 32 um islands. expression levels of fluorescent proteins (epsin EGFP and
mCherry CLC) between fibronectin islands of area 625 um? or 1024 um? (Figure. 2.2a). The
intensity traces of CCSs belonging to 60-78 s lifetime cohort showed that the intensity of EGFP
epsin is higher in highly spread cells, suggesting epsin recruitment increases with an increase in

resting tension (Figure. 2.2b). Interestingly, epsin intensity is already elevated at time 0 when

clathrin detection began, suggesting epsin EGFP recruitment may precede clathrin recruitment.
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Further, the average plateau intensity (i.e., the maximum intensity during a coated pit’s lifetime)
of epsin in other lifetime cohorts (from 10-18 s to 80-98 s) also showed a higher recruitment of
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epsin to CCSs in more spread cells in comparison with the less spread cells (Figure. 2.2c). In

contrast, the intensity of mCherry CLC in the 80-98 s lifetime cohort and other lifetime cohorts

had a small reduction as resting tension increased (Figure. 2.2d and Figure. 2.2e), in agreement

with a previous finding®2. The ratio of epsin to clathrin also increased as the area of fibronectin

islands increased (Figure. 2.2f). Together, these results indicate that epsin recruitment per clathrin

in CCSs increases with increasing resting tension.
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Figure. 2.3. Osmotic shock experiment.

a. Osmotic shock experiment for acute tension drop and spike,
as described in the Materials and Methods. Representative
confocal cross section images reconstructed from 3D image
stacks of cells under hyper-, iso- and hypo-osmotic conditions.
b. Representative images showing the change in adhesion area
and cross section of RPE cell expressing EGFP with time after

hypo-osmotic shock.
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2.4.2 Epsin recruitment

increases as acute
membrane tension
increases

To investigate whether
epsin - shows a similar
recruitment characteristic in
response to acute tension
changes, | used osmotic
shock to induce acute tension
changes in RPE cells. Hyper-
and hypo-osmotic shock led
to a reduction or increase in
cell volume, as evident from
3D cross section of the cells

reconstructed from confocal



z stacks (Figure 2.3a). Osmotic shock in cells resulted in retraction of adhered plasma membrane

from the cover slip to compensate for the increase in membrane tension and cell volume thereby

maintain the homeostasis of the cell membrane (Figure 2.3b). Hence, all the imaging experiments

were performed in the window between 5 min and 30 min to capture the effect of increased

membrane tension before cell recover from osmotic shock by retracting adhered membrane.

Micropipette aspiration assay performed in this time interval revealed that membrane aspiration

into micropipette reduced from hyper- to iso- to hypo-osmotic condition (Figure 2.4a-c), similar

to what was previously reported®4®.
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Figure. 2.4. Micropipette aspiration shows osmotic shock
increases tension.

a. Plasma membrane aspirated into the micropipette due to
negative hydrostatic pressure (4P = -2.16 kPa) at hyper-, iso-
and hypo-osmotic conditions. b. The simplified schematic of
plasma membrane aspiration into the micropipette. L is the
total length of aspiration, Rcis the radius of the cell (assuming
spherical shape) and Ry is the radius of the pipette (Dp = 2Ry).
C. Lp/Dp values of cells under hyper-, iso- and hypo-osmotic
conditions. *, **, *** represent p < 0.05, p < 0.01, and p <
0.001, respectively.

When imaged by TIRF
microscopy, epsin  puncta
appear to be brighter under
hypo-osmotic conditions
(Figure. 2.5). Cells imaged had
similar expression levels of
fluorescent  proteins  (epsin
EGFP and mCherry CLC)
between different  osmotic
conditions (Figure. 2.6a). The
intensity traces of CCSs
belonging to 60-78 s lifetime

cohort showed an increase in

intensity of epsin EGFP when the osmolarity of the media was reduced (Figure. 2.6b). The average

plateau intensity of epsin in other lifetime cohorts (from 10-18 s to 100-120 s) was also higher
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with a decrease in media osmolarity (Figure.
Hyper Iso Hypo

CLC in CCSs in epsin-expressing cells, ...
belonging to 60-78 s lifetime cohort, showed a
small increase with the acute increase in tension

(Figure 2.6d). CLC plateau intensity in epsin Figure 2.5. Fluorescence images of clathrin
and epsin of RPE cells expressing epsin
EGFP-recruited CCSs were the same between EGFP under different osmotic conditions.

2.6¢), a result similar to what I have observed

from the resting cell tension experiments. Our

Clathrin

osmotic shock experiments suggest an increase in

recruitment of epsin accompanies an acute

Epsin

increase in tension. The intensity of mCherry

Merge

hyper- and iso-osmotic conditions but significantly increased for hypo-osmaotic condition (Figure
2.6e). Intensity profile of epsin starts at a maximum (Figure. 2.6b), pointing to a delay in
recruitment of clathrin which was used as the primary detection channel in these analyses. To
capture the initial intensity profile of epsin, I used epsin as the primary detection channel (Figure
2.6f), and this intensity profile recaptures the trend | have seen when epsin was a secondary channel
(Figure. 2.6b). Further, the ratio of maximum intensity of epsin and clathrin was lower for hyper-
osmotic condition, but it remained in comparable range for iso- and hypo-osmotic condition
(Figure. 2.69). This result is different from changing the resting cell tension experiments where |
observed reduced clathrin intensity, suggesting an acute tension increase has a different effect on

clathrin assembly.

In contrast, clathrin recruitment into CCSs in cells without epsin overexpression (Figure 2.7a)

was the same when cells were subjected to an acute increase in tension (Figure 2.7b). However,
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Figure 2.7. Clathrin recruitment into CCPs in EGFP control cells remains
unchanged with increase in acute tension and increases during acute tension drop.
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a. Representative fluorescence images of clathrin and EGFP of RPE cells expressing
EGFP as a control under different osmotic conditions. b. The average plateau intensity of
clathrin across different CCP lifetime cohorts in RPE cells. For b, Nces expressing EGFP
for hyper-, iso-, and hypo-osmotic conditions were 7 (Niracks= 16149), 8 (Niracks= 14315),
and 11 (Nracks= 20134), respectively. The error bars denote standard error. NS denotes not
significant. *, ** *** represent p < 0.05, p < 0.01 and p < 0.001, respectively.

overexpression of epsin rescues the recruitment of clathrin in CME cohorts at high tension, as
shown earlier. This points to the role of epsin in promoting clathrin recruitment when membrane

tension is increased acutely.

2.4.3 ENTH domain containing Ho helix supports tension-mediated nucleation of epsin at

CCS sites

The tension response by epsin to changes in resting tension or acute tension variation is

unique from other membrane-associated proteins. Typically, elevated tension reduces the
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Figure 2.8. ENTH domain supports tension-mediated nucleation of epsin at CCS sites.

a. Fluorescence images of epsin, epsin AENTH at control (iso-) and high-tension (hypo-
osmotic conditions). b. Initiation density of epsin puncta in epsin EGFP (salmon) expressing
and epsin AENTH (blue) expressing cells under control (iso-osmotic) and high-tension (hypo-
osmotic) conditions. For b, Ncens expressing epsin EGFP under iso- and hypo-osmotic
conditions were 7 (Ntracks = 21570) and 7 (Ntracks = 24611) respectively, and Ncens expressing
epsin AENTH under iso- and hypo-osmotic conditions were 8 (Niracks = 13400) and 8 (Ntracks
= 21300) respectively. The error bars denote standard error. NS denotes not significant. *,
** *x* represent p < 0.05, p < 0.01 and p < 0.001, respectively.

recruitment of proteins to the membrane®?%8, Paradoxically, epsin shows an increase of recruitment
in response to elevated tension. Since the Ho helix in the N-terminus of epsin can insert into the
bilayer upon membrane binding'®*, | hypothesize that this helical insertion contributes to the
unique tension response of epsin. To test this hypothesis, | first removed the ENTH domain of
epsin, which is the structured N-terminus region of epsin that contains multiple alpha helices,
including the Ho helix. The removal of ENTH domain of epsin did not render it cytosolic (Figure
2.8a), suggesting other parts of epsin can still target it to CCSs. However, it appeared to decrease
the number of initiation events of CCSs containing epsin without ENTH compared to full-length

epsin (Figure 2.8b). Further, as tension increased, overexpressing full-length epsin led to an
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increase in CCS initiation density (Figure 2.8b). This result implies that epsin can sense an
increase in membrane tension and respond to it dynamically by increasing CCS nucleation. In
contrast, the initiation density of epsin AENTH puncta remained unchanged with an increase in
membrane tension (Figure 2.8b). This points to ENTH domain playing a role in tension sensitivity

of epsin and mediating epsin membrane binding at high membrane tension.
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Figure 2.9. Epsin AENTH recruitment into CCSs reduces as membrane tension
increases.

a. Representative fluorescence images of clathrin and epsin of RPE cells expressing epsin
AENTH EGFP under different osmotic conditions. The average plateau intensity of epsin
AENTH EGFP (b.) and mCherry Clathrin (c.) in different CCS lifetime cohorts in different
osmotic conditions. The Ncens expressing epsin AENTH EGFP for hyper-, iso-, and hypo-
osmotic conditions in c. and d. were 12 (Ntracks= 19328), 12 (Niracks= 20078), and 12 (Nitracks=
31952), respectively. The error bars denote standard error. NS denotes not significant. *, **,
*** represent p < 0.05, p < 0.01 and p < 0.001, respectively.
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To further delineate the effect of ENTH domain on tension-mediated recruitment of epsin,
| analyzed the intensity of epsin AENTH in CCSs in cells co-expressing epsin AENTH EGFP and
mCherry CLC (Figure 2.9a). The average plateau intensity of epsin AENTH EGFP in CCPs across
multiple lifetime cohorts slightly reduced or remain the same in response to osmotic shock-induced

membrane tension increase (Figure 2.9b). Removal of ENTH domain abrogated the elevated epsin
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Figure 2.10. Epsin mut-Ho recruitment into CCSs reduces as membrane tension
increases.

a. Representative fluorescence images of clathrin and epsin of RPE cells expressing epsin mut-
Ho EGFP under different osmotic shock conditions. The average plateau intensity of epsin mut-
Ho EGFP (b.) and mCherry clathrin (c.) in different CCS lifetime cohorts in different osmotic
conditions. The Nceiis €xpressing epsin mut-Ho for hyper-, iso-, and hypo-osmotic conditions
inc. and d. were 18 (Niracks= 32327), 19 (Ntracks= 33354), and 18 (Niracks= 40602), respectively.
The error bars denote standard error. NS denotes not significant. *, **, *** represent p < 0.05,
p <0.01 and p < 0.001, respectively.



recruitment to CCSs at high tension. However, the average plateau intensity of clathrin in CCSs
with epsin AENTH EGFP reduced or remained comparable between iso-osmotic and hypo-
osmotic conditions (Figure 2.9c). This hinted the possibility that ENTH domain may be
dispensable for epsin-mediated stabilization of clathrin in CCSs.
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Figure 2.11. Epsin mut-PIP2 recruitment into CCSs reduces as membrane tension
increases.

a. Representative fluorescence images of clathrin and epsin mut-PIP, of RPE cells expressing
epsin mut-PIP, EGFP under different osmotic conditions. The average plateau intensity of
epsin mut-PIP, EGFP (b.) and mCherry CLC (c.) in different epsin mut-PIP2 positive CCP
lifetime cohorts in different osmotic conditions. The Ncens expressing epsin mut-PIP; for
hyper-, iso-, and hypo-osmotic conditions in b and c. were 8, 8, and 8, respectively. The error
bars denote standard error. NS denotes not significant. *, **, *** represent p <0.05, p<0.01
and p < 0.001, respectively.
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To understand how removal of ENTH renders epsin unable to sense tension, I next replaced
the residues in ENTH which form Ho helix upon binding PIP. ' to histidine. These mutations
prevent the formation of Ho helix when epsin binds to lipid bilayer and blocks amphipathic helix
insertion. Dual-color TIRF imaging (Figure 2.10a) and downstream analysis of CCPs with mut-
Ho epsin co-localization shows the loss in epsin mut-Ho‘s ability to increase recruitment across
different lifetime cohorts from an acute tension increase (Figure 2.10b), whereas full-length epsin
increases in recruitment as membrane tension increases. This confirmed that Ho helix imparts the
tension sensitivity to epsin. This is an important result, as | showed that ENTH domain with
amphipathic insertion can sense membrane tension in addition to the already known ability to
detect membrane curvature!'”147 and dynamically alter the recruitment pattern of epsin to CCSs.
The average plateau intensity of clathrin in CCPs with epsin mut-Ho EGFP increased slightly or
remained in the comparable range as membrane tension increased acutely (Figure 2.10c). This
suggests that epsin-mediated stabilization of clathrin in CCPs can occur without amphipathic

insertion of Ho into the bilayer.

Further, | mutated the PIP2 binding site in Ho helix RRQMK to SSQMS such that PIP;
binding is not possible. This mutant also showed a similar recruitment behavior as that of epsin
AENTH and epsin mut-Ho (Figure 2.11a and b). Epsin mut-PIP> also lost the ability to recruit to

CCSs with increased membrane tension (Figure 2.11b). | postulate that PIP; initiates the coiling
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Epsin EGFP Epsin AENTH EGFP Epsin mut-HO EGFP
Figure 2.12. Proposed model for (i) epsin EGFP, (ii) epsin AENTH EGFP, and (iii) epsin
mut-Ho EGFP nucleation at CCS sites

of Ho helix and the Ho senses the changes in membrane tension by detecting changes in the area
per lipid. Finally, I reason that endocytic binding domains in C-terminus region of epsin helps its
binding to CCSs in the absence of ENTH domain or amphipathic insertion. Based on this
assumption, | propose a model for epsin binding for full-length (Figure 2.12 (i)), AENTH (Figure

2.12 (ii)), mut-Ho (Figure 2.12 (iii)).

2.4.4 Atomistic insights into ENTH-membrane interactions.

To substantiate my intuition, my collaborators performed MD simulations to quantify the
interactions of ENTH domain with a lipid membrane made of 1-palmitoyl-oleoyl-sn-glycero-
phosphocholine (POPC) lipids and a single PIP: lipid using CHARM-GUI. The ENTH domain
was placed onto the membrane. This led to an instantaneous interaction of the Ho helix with PIP>
and the subsequent insertion of the Ho helix into the membrane. The ENTH domain was then
pulled away from the protein. As a consequence, the inserted Ho helix first transitioned to an
adsorbed state, and on further pulling was removed from the membrane into the solution. The three
stages of ENTH-membrane interaction are shown in Figure 2.13a. It is notable that the secondary
structure of the Ho helix undergoes a transformation based on the degree of lipid interactions

(Figure 2.13a bottom panel). Figure 2.13b shows the secondary structure analysis as a function
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Figure 2.13. Atomistic insights into ENTH-membrane interactions.

a. ENTH domain interacting with POPC membrane with a single PIP: lipid and pulled out of
the membrane. The Ho helix shown in magenta is in the inserted (i), adsorbed (ii) and solvent
(iii) states. B. Secondary structure analysis of each residue of Ho in the three states shown in
(@). c. The summary of the analysis in (b). The helicity of Ho decreases as it undergoes reduced
interactions with the membrane. The protein-lipid interactions stabilize the alpha-helix
structure of Ho. D. The area per lipid plot corresponding to the inserted state shown in Fig. (a).
The POPC lipids have a typical area of 0.64 nm?2. The presence of Ho displaces lipids in the top
leaflet. As aresult, the effective area per lipid increases in the Ho-occupied domain (red region).

of the three stages of the Ho helix. In the inserted state, the Ho has an alpha-helix structure (pink

color). In the adsorbed state with reduced lipid interactions, the Ho helix begins to become
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disordered from the N-terminus (teal color). In the final state when Ho is in the solution, the alpha-
helix domain shrinks further transforming into the disordered domain (teal color). The extent of

helicity of Ho helix residues in the three states is summarized in Figure 2.13c.

Figure 2.13d shows the areal footprint of the Ho helix inside the membrane. The plot shows
area per lipid in the two leaflets of the membrane. The POPC lipid area is around 0.64 nm? (blue
color). Because of the Ho helix insertion, the lipids are moved out of the Ho-occupied domain. This
displacement of lipids effectively increases lipid-lipid separation, which in turn results in an
increase in the area per lipid (red color). Since the protein sits primarily in the top leaflet, the
change in area per lipid is minimal in the bottom leaflet. This areal footprint plot suggests a
potential mechanism for tension sensitivity exhibited by epsin. A single Ho helix occupies an area
of 2 nm? (red region) and displaces lipids in the membrane. If the membrane has zero resting
tension and the lipids are allowed to move freely, there would be no energetic advantage to
displacing the lipids. However, if the membrane has a non-zero resting tension (o), the
displacement of lipids would be associated with an energetic incentive of —aAA, where AA is the
area occupied by the Ho helix. This idea is similar to the notion that explains the tension sensitivity

of mechanosensitive channels in bacterial membranes#314°,
2.4.5 Interfering the formation of Ho helix inhibits early recruitment of epsin to CCPs.

The earlier observation that the recruitment of epsin EGFP prior to the arrival of clathrin and
the importance of Ho helix insertion prompted us to ask whether masking the ENTH domain might
alter epsin recruitment to CCPs. Here | considered epsin with EGFP tagged to the C-terminus and
EGFP tagged on the N-terminus (masking the ENTH domain), in addition to epsin AENTH EGFP
and epsin mut-Ho EGFP mutants and examined kymographs of different epsin mutants. Using CCP

tracks with detection that started at first significant clathrin signal (Figure 2.14a, detection mode
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1), I determined the order of arrival of epsin with respect to clathrin. Epsin with EGFP attached to
the C-terminus arrived at CCPs prior to clathrin, as the kymograph showed more green
fluorescence at the beginning of the lifetime track (Figure 2.14b panel 1), pointing to the early
recruitment of epsin prior to clathrin and consistent with what | observed in Figure 2.6b and 2.6f.
In contrast, the masked ENTH showed synchronous recruitment with clathrin (Figure. 2.14b
panel 2). This finding is consistent with work of Taylor et al. which showed delayed recruitment
of epsin compared to AP2, when fluorescent protein is placed in the N-terminus of epsin®°.
Similarly, both epsin AENTH EGFP and epsin mut-Ho EGFP helix mutants showed synchronous
recruitment with clathrin (Figure 2.14b panel 3 and 4). These data were further quantified by
plotting the normalized intensities of clathrin and epsin until they reached their maximum intensity
after performing CCP detection and tracking with epsin as primary channel (Figure 2.14a,
detection mode 2). Normalized epsin EGFP recruitment curve was above the mCherry CLC
recruitment curve, pointing to early recruitment of epsin (Figure 2.14c). In addition, epsin EGFP
reached maximum recruitment prior to mCherry CLC (shown with cyan and magenta arrows).
However, cells expressing epsin with masked or deleted ENTH domain or with mutated Ho helix
showed epsin recruitment in synchrony with mCherry CLC (Figure 2.14 d-f). Based on these
results, | suggest that epsin EGFP recruitment to membrane precedes clathrin (Figure 2.14g case
i), whereas masking ENTH domain with EGFP disrupts or delays the formation of Ho amphipathic

helix insertion into the bilayer (Figure 2.14q
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Figure 2.14. Epsin is recruited prior to clathrin to CCS nucleation sites by amphipathic
helix insertion.

a Schematic of two dual-channel detection modes depicting a scenario in which epsin (cyan)
appears prior to clathrin (magenta). b Kymographs of CCSs with epsin EGFP, EGFP epsin,
epsin AENTH EGFP and epsin mut-Ho EGFP (primary detection channel: clathrin).
Normalized recruitment of epsin (cyan) and clathrin (magenta) (primary detection channel:
epsin) for the 60-78s lifetime cohorts until they reach maximum intensity for (c) epsin EGFP,
(d) EGFP epsin, (e) epsin AENTH EGFP, and (f) epsin mut-Ho EGFP. g Proposed model for
epsin recruitment with (i) EGFP in C-terminus and (ii) EGFP in N-terminus. Ncens for d, e, f,
and g were 9 (Ntracks = 34777), 7 (Ntracks= 56492), 9 (Ntracks = 45754), and 7 (Niracks= 36016),

respectively. The error bars denote standard error.

case ii). This is also supported by the synchronous recruitment of epsin mut-Ho EGFP and epsin

AENTH with clathrin, as they cannot form Ho helix upon binding to the membrane.

2.5 Discussion

The increase of epsin recruitment at high tension is dependent on the ENTH domain, and
specifically the Ho helix. My observation that undisrupted activity of ENTH, specifically the
amphipathic insertion of Ho helix, is required for early epsin recruitment would be consistent
with its tension-sensing role. Importantly, it is consistent with a previous finding where epsin
recruits clathrin to PIP,-containing lipid monolayer and stimulates clathrin lattice assembly'3# .
When ENTH of epsin is masked by N-terminal EGFP, its recruitment to CCS sites synchronizes
with clathrin, presumably by binding to AP2 via epsin’s IDP domain. This is in agreement with
my finding that removing the ENTH domain did not inhibit the recruitment of epsin to CCSs but

only affected its early recruitment. Because unstructured IDP region contains multiple clathrin
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and AP2 binding sites, it is likely that the stability of CCSs at high tension is afforded by the

avidity provided by multiple interactions!3®

. The importance of multiple interactions is
reinforced by the finding that knocking down either CHC or a-adaptin renders full-length epsin
cytosolic. Although epsin AENTH can be recruited to sites of CCSs, this recruitment is reduced

drastically when tension is increased, similar to the behaviors of other membrane-associated

proteins when encountering high tension.

Using MD simulation, my collaborators showed that insertion of the Ho helix into the
lipid bilayer enables recruitment of ENTH into the membrane. The simulations also show that
membrane-association triggers ordering of Ho into a helical structure. Because of the favorable
Ho—lipid interactions, ENTH prefers to bind to the membrane. Also, the Ho helix insertion
displaces lipids, thereby providing an energetic advantage for epsin recruitment in high
membrane tension regime. Tension-induced amphipathic helix insertion could perhaps be a
general mechanism for membrane tension sensitivity for other cellular machineries. Any protein
with a membrane-embedded segment could be expected to demonstrate tension-sensitivity.
However, the propensity to sense tension and undergo recruitment would likely be proportional
to the areal footprint of the inserted protein segment. This could be a prime reason that allows
an amphipathic helix to act as a tension sensor as it lays tangential to the membrane, displacing
a higher number of lipids in contrast to an orientation normal to the membrane. Another potential
example of this mechanism could be occurring in nucleation promoting factor N-WASP. Under
load, actin networks become denser to support the increased load®®!. In this context, increased
membrane tension should therefore promote actin assembly, and this can be achieved by

increasing actin filament nucleation. Interestingly N-WASP has an amphipathic helix**2. Thus,
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it is plausible, although highly speculative, that recruitment of N-WASP to the plasma membrane

could be tension-sensitive in a fashion similar to epsin.

The ability of Ho helix to detect curvature versus to generate curvature is an ongoing
debate. It is already shown that Ho helix can preferentially recruit to areas of high curvature
117138153 'Qur MD simulations show that area per lipid molecule increases as membrane tension
increases. Area per lipid values also increase as membrane curvature increases. Membrane
scaffolding proteins like BAR proteins and epsin have been shown to recruit selectively to highly
curved membrane tethers kept at high tension'®>* An increase in tension in this finite
membrane tether reduces the tether radius and thereby increasing curvature. Similarly, an
increase in area per lipid due to an increase in tension may lead to recruitment of epsin which
facilitates membrane bending. Initial membrane bending by nucleating epsin can further increase
the local area per lipid around nucleation sites further increasing epsin recruitment. This will
lead to a positive feedback loop of membrane curvature sensing and membrane curvature

generation.

Although I have identified a new mode of epsin function, | speculate epsin is not unique
in mediating tension-responsive recruitment to and stabilization of CCSs. In particular, adaptor
protein 180 (AP180) and its homolog clathrin assembly lymphoid myeloid leukemia protein
(CALM) both have alpha helices in their N-terminal domains®*® along with an unstructured IDP
region consisting of endocytic binding domains®33. Thus, it is plausible that a similar mechanism
could be at play with AP180 and CALM to support CME under high tension environments.
Several works using MD simulation and in vitro experiments have shown the role of amphipathic
helices, specifically Ho helix, in curvature generation mechanism of N-BAR proteins!t/:119:153.155

It should be investigated whether Ho helix insertion of these proteins also enables tension-
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mediated membrane curvature generation and stabilization. My work also provides some
unexpected findings for future investigation. While 1 mainly focused on the role of epsin in high
tension environments, decreasing tension in hypertonic solutions resulted in distinct responses.
In particular, steady state density of epsin AENTH puncta under a hyper-osmotic condition was
significantly higher compared to the iso-osmotic condition. Acute reduction in tension has been
shown to trigger PLD2-mediated macropinocytosis in cells®. It is also known that rapid
reduction in membrane tension leads to excess plasma membrane and cells utilize endocytic
mechanism to recycle the lipid bilayer®2156157 |t should be further investigated how a low
tension environment influences the ability of epsin and family of proteins with amphipathic

helices to recruit in a tension responsive manner.
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Chapter 3 Complimentary Action of Structured ENTH Domain and
Unstructured IDP Domains of Epsin Supports Clathrin-Mediated

Endocytosis at High Tension

The results of this chapter were published in part in Communication Biology (2020). J.G.J., A A.,
and A.P.L. conceived the study, J.G.J., C.O., A.A., and A.P.L. designed the experiments, J.G.J.
and V.Y. performed the experiments, J.G.J., A.A., and A.P.L. wrote the paper. All authors

commented on the paper and contributed to it.

3.1 Abstract

Membrane tension impedes the transition of hemispherical domes to omega-shaped CCSs.
Membrane tension also leads to the premature disassembly of CCSs before it can transition to
omega-shaped cups. Epsin recruitment is elevated at high membrane tension. Overexpression of
epsin in cells leads to the rescue of productive CCPs which successfully internalize from plasma
membrane. Removal of ENTH domain does not impede epsin’s ability to stabilize productive
CCPs. However, removing the intrinsically disordered domain (IDP) from epsin renders it
cytosolic. Epsin’s binding to adaptor protein 2 and clathrin is critical for epsin’s association with
CCSs under high tension conditions, supporting the importance of multivalent interactions in

CCSs. Together, my results support a model where the ENTH and unstructured IDP region of
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epsin have complementary roles to ensure CME initiation and CCS maturation are unimpeded

under high tension environments.

3.2 Introduction

Membrane tension has been shown to play an inhibitory role in CME during the membrane
deformation process preventing the transition from a flat membrane to hemispherical domes?’2®
and the transition from hemispherical domes to Q-shaped pits?®28, Yet, CME is observed
ubiquitously in cells under different membrane tension regimes and this points to the existence of
tension-sensitive molecular mechanisms supporting CMEZ26:108.1%6 - Actin-mediated transition of
hemispherical domes to Q-shaped pits at high tension was established by Boulant et al?%8,
However, how membrane-associated proteins aid to overcome the elevated energy barrier needed
to initiate budding remains an open question. In Chapter 2, | discussed how epsin utilizes
amphipathic Ho helix in ENTH domain to detect membrane tension and recruit in a tension
responsive manner. However, whether this tension responsive recruitment plays a physiological
role in rescuing CME at high tension remains to be investigated. Amphipathic helix insertion of
Ho helix in epsin and its role in initiating membrane bending during CME is well studied®"1331%,
Epsin also has a C-terminus intrinsically disordered protein (IDP) region containing multiple
binding sites to endocytic constituent proteins like clathrin and AP2 which stably dock epsin in
the endocytic pit*33169-162 An alternate hypothesis proposed recently posits the C-terminus IDP
domain of epsin initiates membrane bending via steric crowding®"*8. Here, | used the combination
of super-resolution live cell imaging including structural illumination microscopy (SIM-TIRF)
imaging , mechano-manipulation techniques, and automated image analysis, to characterize CCSs

according to their morphology and fate of internalization. Using these characterizations, |
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demonstrate the role of IDP domain of epsin in stabilizing CCSs in high tension environments. My
work establishes a mechanism involving complimentary roles of ENTH and IDP domains of epsin

in recruitment into and stabilization of CCSs in a high-tension environment.

3.3 Materials and Methods

3.3.1 Generation of epsin mutant constructs

Epsin mutant constructs were generated successively by mutagenesis using Q5® Site-
Directed Mutagenesis Kit (New England Biolabs Inc.). Clathrin binding domain 1 (CBD1) was
deleted using following primers to create epsin ACBD1 EGFP (Figure 3.1 (i)): Forward primer
5’- TTCACAACCCCAGCCCCT-3’; Reverse primer 5’-AGATGACTCCTCCTTGCCC-3’.
Clathrin binding domain 2 (CBD2) is deleted from epsin EGFP and epsin ACBD1 EGFP using
following primers to create epsin ACBD2 EGFP (Figure 3.1 (ii)) and epsin ACBD 1 & 2 EGFP
(Figure 3.1 (iii)): Forward primer 5’-TCACTGGTGAGCCGACCA-3’; Reverse primer 5’-
GGCTGCATTAGGGCCTAG-3’. Epsin amino acid sequence containing endocytic binding cites
CBD1, CBD2 and AP2 binding motifs were deleted using following primers using to create epsin
A EBD EGFP(Figure 3.1 (iv)): Forward primer 5’-TCACTGGTGAGCCGACCA-3’; Reverse
primer 5’-AGATGACTCCTCCTTGCCC-3’. Unstructured IDP region of epsin was removed
using following primers to generate epsin AIDP EGFP (Figure 3.1 (v)): Forward primer 5°-
GGAAGTGGAAGTGGAAGTGGAGAATTCG-3%; Reverse primer 5’-
GCGCTCCTCCCGAAGCCG-3’. All mutant constructs were transformed into competent E. coli

cells (New England Biolabs Inc.) and selected using antibiotics (Ampicillin).
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Figure 3.1 Epsin mutants.

Epsin EGFP mutants generated by deleting binding domains (i) clathrin-binding
domainl (CBD1), (ii) clathrin-binding domain 2 (CBD?2), (iii) clathrin-binding
domain 1 and 2 (CBD1 & 2), (iv) CBD1 & 2 and region containing repeated DPW
motifs binding to AP2 and (v) entire unstructured region of the protein deleted
(AIDP).

3.3.2 shRNA knockdown

shRNA constructs for epsin/alpha adaptin/clathrin heavy chain (CHC) were created in
pLKO.1 vector by the UM vector core. Lentiviruses encoding sShRNAs of interest were generated
using the lentivirus transduction method described in Chapter 2. RPE cells were infected with the
viruses and selected using antibiotic selection (Puromycin). All downstream assays (TIRF imaging
or Western blotting) were performed on day 5 of transduction and the level of knockdown was

confirmed by Western blot analysis.

3.3.3 Osmotic shock

The RPE cells were imaged in three media having different osmolarities: (i) hyper — 440
mmol/kg, (ii) iso — 290 mmol/kg, (iii) hypo — 220 mmol/kg) were used. Hyper-osmotic solution
was prepared by adding 150 mM sucrose to phenol red-free DMEM containing 2.5% FBS. Iso-
osmotic solution was DMEM media with 2.5 % FBS. Hypo-osmotic solution was prepared by

adding deionized water containing 2.5% FBS to DMEM media containing 2.5% FBS in 1:3 ratio.
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All media osmolarities were checked on a Vapro osmometer. The cells were imaged between 5

minutes and 35 minutes of adding the different media.
3.3.4 Actin cytoskeleton disruption

RPE cells overexpressing epsin EGFP and mCherry clathrin were incubated with Latrunculin
A (0.5 uM) (Thermo Fisher Scientific) for 30 minutes prior to TIRF imaging for disrupting actin

cytoskeleton.

3.3.5 Live cell imaging via structural illumination microscopy in total internal reflection

fluorescence mode (SIM-TIRF)

RPE cells expressing the constructs of interest were plated on a MatTek dish at a concentration
of ~ 1.7 x 10° cells per dish for 12 to 16 hours. SIM-TIRF (Figure 3.2a) was performed using a
Nikon N-SIM microscope equipped with an Apochromat 100X objective (NA 1.49) and a sSCMOS
camera (Flash 4.0; Hamamatsu Photonics, Japan). Epsin EGFP was imaged using 488 nm laser
with exposure time of 200 ms, with nine images taken in TIRF mode with linear translation of
Moire pattern for SIM reconstruction. Similarly, mCherry clathrin was imaged using 561 nm laser
with exposure time of 500 ms. Time interval between each set of SIM reconstruction images were
5 sec. Dual color SIM-TIRF images for epsin EGFP and mCherry clathrin was performed using
DeltaVision OMX SR system (GE) equipped with 60x 1.42 NA objective and a SCMOS camera.
Epsin EGFP and mCherry clathrin were imaged using 488 nm and 561 nm lasers respectively,
with exposure times of 50 ms. Nine images were taken in ring TIRF mode with angular translation

of Moire pattern for SIM reconstruction.
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3.3.6 Live cell imaging via superresolution confocal microscopy

RPE cells expressing the constructs of interest were plated on a MatTek dish at a concentration

of ~ 1.7 x 10° cells per dish for 12 to 16 hours.

Superresolution  confocal microscopy
R

TIRE _)Lvd&_ (Figure 3.2b) was performed using an
objective

Olympus 1Xplore Spin Confocal Imaging

grat'ng ommms 2 @ E—

Microscope with a 100X objective

b

(UPLSAPO100XS, NA  1.35). The

confocal superresolution imaging was achieved using

objective

microlens <= Yokogawa CSU-W1 Scanner with SoRa 50
disk — —om—

um disk. Dual color localized super-

_ ) ) resolution images were obtained using two
Figure 3.2 Live-cell super-resolution of CCSs

a. TIRF-SIM setup to image CCPs on basal side SCMOS  camera (Flash 4.0; Hamamatsu

of cell. b. Super-resolution confocal setup to

image CCPs on apical side of cell Photonics, Japan). Apical surface of RPE

cells where imaged for Epsin EGFP and
mCherry clathrin using 488 nm and 561 nm lasers respectively, with exposure times of 100 ms
and 200 ms respectively. Time interval between images were 2 sec. The images where analyzed

using FIJI (ImageJ).
3.3.7 Image reconstruction and analysis for SIM-TIRF

Images captured in Nikon N-SIM system was reconstructed into SIM images using Nikon
Elements software. Reconstructed images were further equalized in intensity across time period
using Nikon Elements software. CCSs were detected and tracked using Trackmate plugin in FI1JI

(ImageJ)*®3. A detector with Laplacian of Gaussian Filter is applied to detect CCSs with a quadratic
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fitting scheme for subpixel localization and estimated blob size parameter of 500 nm. A simple
Linear Assignment Problem (LAP) tracker was applied with a maximum linking and gap closing
distance of 500 nm and maximum gap closing of 2 frames. CCSs were characterized into abortive,
productive and stalled structures based on their morphology (whether or not CCSs form ring
structures) and lifetime. Using lifetimes limits for abortive, productive and stalled CCS, the

fraction of CCSs belonging to each category was determined.

3.3.8 Transferrin uptake assay

RPE cells expressing epsin mutants were serum-starved for 4 h. Cells were subjected to hypo-
and iso-osmotic shock for 10 min and then allowed to uptake transferrin Alexa 647 (25 pg/ml)
(Thermo Fisher) for a further 10 min, followed by acid wash (acetic acid buffer pH 3.0) and
immediate fixation with 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 10 min.
For imaging surface receptor-ligand co-localization, acid wash was not performed. The intensity
of transferrin Alexa Fluor 647 was calculated using epifluorescence signal and normalized to bulk

mCherry CLC intensity.

3.3.9 Western blot

RPE cells were lysed with RIPA buffer (Thermo Fisher) containing protease inhibitor on ice
for 10 min. 25 pL of lysate mixed with sample buffer (1:1 ratio) (Bio-Rad) was loaded per lane in
a 10% SDS-PAGE gel (Bio-Rad). The proteins were transferred to nitrocellulose membrane and
blocked for 1 h with 3% BSA solution (in PBS). Primary antibodies against epsin (Abcam:
ab75879 (1:500 dilution)), CHC (Abcam; ab2731 (1:500 dilution)), a-adaptin (Abcam: ab2807

(21:100 dilution)) were used to quantify the expression levels of the respective proteins in epsin
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Figure 3.3 Western blot showing
the expression of epsin in RPE
cells and HEK cells (highest epsin
expression shown), RPE cells
overexpressing WT epsin, epsin
EGFP and knockdown of epsin,
with GAPDH as a loading control.

3.4 Results

overexpressed cells, epsin/CHC/a-adaptin knockdown
cells and wild type cells (Figure 3.3). Blots with primary
antibody and 1:1000 dilution of anti-GAPDH antibody
were incubated overnight followed by 1 h incubation of
secondary antibody conjugated to Dylight 680 nm or
Dylight 800 nm. The blots were imaged using an LiCor

imaging system or an Azure imaging system.

3.4.1 Live-cell super-resolution microscopy can visualize the formation of productive CCPs.

CCSs can be classified into three categories based on their ability to internalize into cytosol

from the cell membrane where they are nucleated. These three categories follow distinct fate

during their lifetimes, (i) Abortive CCSs, which are coated structures which dissemble before they

reach maturation®*%_ (ii) productive CCPs, which are coated structures that undergo initiation,

Productive
CEP

CCP dome
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Figure 3.4 Categories of CCSs based on morphology

Lifetime montage of CCS/CCP (marker: mCherry CLC) classified as abortive, productive and
stalled imaged using SIM-TIRF. The formation of a CCS dome (manifested as a ring in SIM-

TIRF) is shown with a red arrow.
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Figure 3.5. Dual color super-resolution
images of CCSs in basal and apical layers of
cells.

a. Lifetime montage of CCSs (red: mCherry
CLC) at the basal layer of cells with or without
recruitment of epsin (green) using dual color
SIM-TIRF. b. Lifetime montage of CCSs (red:
mCherry CLC) at the apical layer of cells with
or without recruitment of epsin (green) using
dual color super-resolution confocal imaging.

assembly, and transition to coated-pits
followed by membrane scission and
internalization, and (iii) stalled CCSs, which
are persistent, non-internalizing coated
structures in the imaging field*?%. Using
SIM-TIRF super-resolution imaging of RPE
cells stably expressing mCherry-clathrin
light chain (CLC), | was able to visualize the
distinct categories of CCSs (Figure 3.3).
Lifetime analyses of CCSs have shown that
abortive CCSs have a lifetime less than 20
s15128167 and stalled CCSs have a lifetime
above 120 s'15%, Under SIM-TIRF field, a
matured CCS reaches a domed shape,
manifested as a ring (Figure 3.4, shown with
red arrow) to form a productive CCP %8, The
track of a productive CCP shows the
evolution of a point signal into a ring
structure, subsequently transitioned to a point

signal, and finally disappeared from the SIM-

TIRF field (Figure 3.4). By comparison, an abortive CCS did not transition from a point signal to

a ring structure and disappeared from the SIM-TIRF field within a short time. Stalled CCSs were

often clusters of CCSs in the shape of interconnected rings, which remained persistently in the
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SIM-TIRF field. Dual color SIM-TIRF imaging was used to identify co-localization of epsin and
clathrin in CCSs formed at the basal layer of cells (Figure 3.5a). Formation of productive CCPs
on the apical surface of cells were imaged using super-resolution confocal imaging along with the

colocalization of epsin and clathrin in productive CCPs (Figure 3.5b).

3.4.2 Overexpression of epsin in cells reduces abortive CCSs and supports productive CCPs

at high tension.

Previous work from my lab have shown that retinal pigment epithelial (RPE) cells spread
on large fibronectin islands (to induce high membrane tension) exhibited an increase in proportion
of abortive CCSs and smaller CCPs®32, RPE cells expressing epsin at endogenous level,
overexpressing epsin, and overexpressing epsin EGFP were imaged under iso-osmotic (control -
290 mmol/kg osmolarity) and hypo-osmotic conditions (high tension - 220 mmol/kg osmolarity)
using SIM-TIRF (Figure 3.6a). RPE cells have low endogenous expression of epsin compared to
cell lines like HEK, hence overexpression of epsin WT or epsin EGFP in RPE cells was used
(Figure 3.3). The cells were imaged between 5 and 35 minutes after adding the new osmotic
media. This is to ensure that the imaging was performed before the cells re-equilibrate their
shape!!®, Cells under iso-osmotic conditions showed similar proportions of abortive CCSs
irrespective of epsin expression level (Figure 3.6b). However, overexpressing epsin-EGFP led to
a reduction in the percentage of abortive CCSs compared to endogenous expression or
overexpression of WT epsin under iso-osmotic condition. On the other hand, when membrane
tension was increased under hypo-osmotic conditions, cells expressing endogenous level of epsin
showed an appreciable increase in abortive CCSs, consistent with previous findings®. In contrast,
overexpression of WT epsin or epsin EGFP both maintained the same percentages of abortive

CCSs under hypo-osmotic condition compared to iso-osmotic condition (Figure 3.6b).
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Figure 3.6. Overexpression of epsin in RPE cells reduces population of abortive CCSs at

high tension.

a. SIM-TIRF images of clathrin in RPE cells expressing epsin at endogenous levels,
overexpressing epsin, and overexpressing epsin EGFP under iso-osmotic (control- 290
mmol/kg) and hypo-osmotic (220 mmol/kg) conditions. The formation of a CCS dome
(highlighted by green circles) is depicted using intensity line scans. b. Percentage of abortive,
productive and stalled CCPs/CCSs in cells expressing endogenous epsin, overexpressing epsin,
and overexpressing epsin EGFP under iso-osmotic (control) and hypo-osmotic conditions. For
b, the number of CCSs analyzed for endogenous epsin, epsin overexpression, and epsin EGFP
overexpression were 26,240 (iso) and 16,918 (hypo), 17,914 (iso) and 14,722 (hypo), 31,776
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(iso) and 41,949 (hypo), respectively taken from 6 cells under each condition.
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to cells overexpressing WT epsin. As a result, overexpression of WT epsin had a larger fraction of
productive CCPs compared to epsin EGFP overexpression. Further dual color SIM-TIRF imaging
of basal surface of cells and super-resolution confocal imaging of apical surface of cells show co-
localization of epsin in CCPs which were productive (Figure 3.5a and b). To confirm the effect
of epsin expression on productiveness of CCPs, | performed transferrin uptake assay in iso- and
hypo-osmotic conditions for RPE cells expressing endogenous level, overexpressing epsin, and
overexpressing epsin EGFP. Normalized transferrin uptake reduced with increased membrane

tension in RPE cells expressing epsin at endogenous level, whereas both overexpression of epsin

a Figure 3.7. Overexpression of epsin
NS NS support the formation of productive
CCPs and cargo uptake at high
tension.
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Figure 3.8. Overexpression of epsin in RPE cells reduces population of abortive CCSs at
high tension.

a. SIM-TIRF images of epsin EGFP in RPE cells under hyper- (440 mmol/kg), iso- (290
mmol/kg) and hypo-osmotic (220 mmol/kg) conditions. The formation of a CCS dome
(highlighted by red circles) is depicted using intensity line scan. b. Percentage of abortive,
productive, and stalled epsin EGFP structures under hyper-, iso- and hypo-osmotic conditions.
For b, the number of epsin EGFP structures analyzed were 31,404 (hyper), 36,536 (iso), and
31,085 (hypo), 31,776 (iso) respectively taken from 6 cells under each condition. The error bars
denote standard deviation. NS denotes not significant. *, **, *** represent p < 0.05, p < 0.01
and p < 0.001, respectively.

WT and epsin EGFP showed no significant changes in transferrin uptake with increased membrane
tension (Figure 3.7a). The uptake of transferrin in iso- and hypo-osmotic conditions for RPE cells
with endogenous level epsin, overexpressing epsin, and overexpressing epsin EGFP closely

correlated with the nucleation density of productive CCPs (Figure 3.7b). Further, membrane-
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associated structures with epsin EGFP were imaged at hyper- (low tension - 440 mmol/kg
osmolarity), iso- (control - 290 mmol/kg osmolarity) and hypo- (high tension - 220 mmol/kg
osmolarity) osmotic conditions (Figure 3.8a). As membrane tension increased, the percentage of
abortive structures with epsin recruitment increased only slightly (Figure 3.8b). However, at low
tension, epsin recruitment resulted in CCS clustering and stalling (Figure 3.8b) This stalling and
clustering is consistent with in vitro observation of epsin tabulation and clustering seen at low
tension in GUVs!"18116118 Eyen though clusters of CCSs which are stalled remained in the TIRF
field during the acquisition period, they showed dynamic rearrangement of CCS rings including
merging and splitting of rings. Some clusters showed disappearance of CCSs from the boundary

of the stalled clusters.
3.4.2 Epsin recruitment is increased in productive CCPs upon disrupting actin.

| repeated the osmotic shock experiments in RPE cells overexpressing epsin EGFP after
disrupting actin cytoskeleton using Latrunculin A. As shown previously?®, increase in tension
together with disruption of actin led to significant stalling of CCSs (Figure 3.9a-d). Actin
cytoskeleton supports the transition of open CCPs to form closed Q-shaped structures which is
internalized after dynamin-mediated scission?®. The intensity of epsin increases for hypo-osmotic
condition in comparison with iso-osmotic condition for productive and stalled CCSs and remained
unchanged for abortive CCPs. However, when actin cytoskeleton was disrupted, intensity of epsin
recruitment increases into both productive and abortive CCPs compared to the cells without actin
disruption (Figure 3.9e). This behavior was not seen in stalled CCSs which showed the intensity
of epsin remaining unchanged for cells with or without actin disruption. The increase of epsin

intensity in productive CCPs suggest that increased recruitment of epsin may rescue the
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internalization of CCPs by enabling the transition of open to closed pit morphology under high

tension in the absence of actin.

a b Figure 3.9. Epsin recruitment
; increases in CCSs under actin
disruption.

Kymographs of CCSs in RPE
cells overexpressing epsin EGFP
(cyan) and mCherry clathrin
(magenta) under, a. iso-osmotic
condition, b. hypo-osmotic
condition, c. iso-osmotic

Iso
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Figure 3.10. Removal of AP2 and clathrin binding sites render epsin cytosolic.

Representative fluorescence images of cells overexpressing EGFP-tagged epsin and epsin
mutants under iso- (top panel) and hypo- (bottom panel) osmotic conditions. Cells
overexpressing (i) epsin ACBD1 EGFP, (ii) epsin ACBD2 EGFP, (iii) epsin ACBD1&2 EGFP,
(iv) epsin ACBD1&2 and AAP2 binding domains EGFP along mCherry CLC is shown.

3.4.3 Endocytic protein binding sites of epsin is necessary for its stable recruitment into
CCSs.

To determine which domains are responsible for the stabilization effect of epsin, |
progressively removed binding domains from epsin within the unstructured IDP region (Figure
3.1). Removal of clathrin binding domain (CBD) 1 (LMDLADV) or CBD2 (LVDLD) did not

affect epsin recruitment into CCSs (Figure 3.10 (i) to (iii))!’°. Simultaneous removal of CBD1

Clathrin

Transferrin

Mer‘e

Epsin Epsin ACBD1 Epsin ACBD2 Epsin ACBD1&2 Epsin ACBD1&2  Epsin AIDP Epsin AENTH

and AP2 bindng
domains

Figure 3.11. Transferrin uptake in cells overexpressing EGFP-tagged epsin and
epsin mutants.

Representative fluorescence images of cells expressing epsin EGFP, epsin ACBD1
EGFP, epsin ACBD2 EGFP, epsin ACBD1&2 EGFP, epsin ACBD1&2 and AAP2
binding domains EGFP, epsin AIDP EGFP, epsin AENTH EGFP, along with mCherry
CLC and Alexa Fluor 647 transferrin (25 pug/ml with 10 min incubation).
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and CBD2 also did not inhibit formation of epsin puncta (Figure 3.10 (iii)), nor was the number
of epsin puncta in these mutants affected by an acute increase in membrane tension via osmotic

shock (Figure 3.10 (i) to (iii), top and bottom panel). However, removal of DPW repeat motifs,

a
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Figure 3.12. Knocking down clathrin heavy chain or AP2 subunit disrupts the
recruitment of epsin..

a. Representative fluorescence images of (i) full length epsin EGFP, (ii) epsin AENTH
EGFP and (iii) epsin AIDP EGFP, along with mCherry CLC in RPE cells with control
(scramble shRNA), clathrin heavy chain (CHC) shRNA knockdown, and a-adaptin ShRNA
knockdown. b. Western blot showing the knockdown of CHC and a-adaptin, with GAPDH
as a loading control. EGFP panel shows the expression of fusion protein epsin EGFP, epsin
AENTH EGFP, and epsin AIDP EGFP.



which bind to AP2 subunit along with CBD1 and CBD2, renders epsin cytosolic (Figure 3.10
(iv)). Using a transferrin uptake assay, | showed that overexpression of epsin mutants did not
adversely affect the cargo recruitment and internalization via CME (Figure 3.11), suggesting that
mutant epsins did not impact CME. Consistent with earlier findings, removing the unstructured
IDP region of epsin containing all the endocytic binding sites also resulted in epsin being cytosolic,
and this is true under all tension conditions (Figure. 3.12a (iii) and Figure 3.13a). This implies
that ENTH, which is the structured domain of epsin containing Ho helix, alone cannot stabilize
epsin recruitment to CCSs, but it requires the AP2 and clathrin binding sites in the C-terminus
unstructured region of the protein. This is an important result as | have shown that ENTH domain
mediates tension-dependent nucleation of epsin and in vitro studies have shown ENTH domain
alone is recruited to pre-curved lipid bilayers containing PIP'*447 To further confirm the
requirement of AP2 and clathrin binding to stabilize epsin recruitment to plasma membrane, | used
shRNA knockdown of clathrin heavy chain (CHC) or a-adaptin in AP2 subunit (Figure. 3.12a
and b). Knocking down CHC or a-adaptin that blocks the formation of CCSs also inhibited the
formation of epsin puncta (Figure. 3.12a). This behavior was observed in full-length epsin, epsin
AENTH and epsin AIDP expressing cells. This provides support that binding of epsin to CHC and
AP2 is necessary for stable recruitment of epsin and the ENTH domain alone cannot support

plasma membrane recruitment (Figure. 3.13b).

3.4.4 Bi-directional stabilization of epsin recruitment to CCSs and curvature of CCS domes

is mediated by the unstructured domain of epsin.

Productive CCPs (lifetime 20-120 s) internalize into cytoplasm without prematurely
dissembling or stalling on the membrane. My SIM-TIRF data showed that overexpression of epsin

supports the maturation of CCSs to productive CCPs. Furthermore, dual color SIM-TIRF data
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Figure 3.13. Bi-directional stabilization of epsin recruitment in CCSs and curvature
of CCS domes to form productive CCSs is mediated by unstructured IDP region.

a Fluorescence images of epsin AIDP under different tension conditions (hyper-, iso- and
hypo-osmotic conditions). b Proposed model of interaction between a CCS and epsin
AIDP. ¢ The lifetime distribution of CCSs with (cyan) or without (magenta) epsin EGFP
for iso-osmotic condition for (i) full length epsin with C-terminus EGFP, (ii) epsin
AENTH EGFP, and (iii) EGFP (control). Inset shows cumulative frequencies of mature
CCSs with lifetimes 20-120 s for the different osmotic conditions indicated. The Nceis
expressing epsin EGFP for hyper-, iso-, and hypo-osmotic conditions in ¢. were 19 (Ntracks
= 38282), 19 (Niracks= 58574), and 16 (Niracks = 32644) respectively. The Ncens expressing
AENTH EGFP epsin for hyper-, iso-, and hypo-osmotic conditions in c. were 12 (Ntracks=
19328), 12 (Nracks= 20078), and 12 (Niracks= 31952), respectively. The Ncens expressing
EGFP for hyper-, iso-, and hypo-osmotic conditions in c. were 12 (Nracks= 23670), 14
(Ntracks= 24615), and 13 (Niracks= 23424), respectively. The error bars denote standard
error. NS denotes not significant. *, **, *** represent p < 0.05, p < 0.01 and p < 0.001,
respectively.

showed that the presence of epsin tagged with EGFP preferentially supports the formation of

productive CCPs (shown by the preferential formation of rings when epsin is present (green) in

Figure. 3.5c), suggesting that epsin may stabilize productive CCPs. To determine the effect of the

epsin recruitment on the stability of CCSs, | classified CCS tracks as with or without co-

79



localization with epsin tagged with EGFP. | found that the fraction of productive CCPs in a cell is
higher in epsin-containing CCPs (Figure. 3.13c (i)). | also found that there was no statistically
significant change in the fraction of productive CCPs between hyper-, iso- and hypo-osmotic-
treated cells (Figure. 3.13c (i) inset). Similarly, cells having CCSs with epsin AENTH recruitment
also showed an increase fraction of productive CCPs (Figure. 3.13c (ii)), again independent of
membrane tension. As a control, I looked at whether cells expressing EGFP had the same fraction
of productive CCPs in different tension conditions. For this analysis, | used the false positive
puncta detection from the secondary channel (EGFP) to classify pits as EGFP-positive (EGFP +)
and EGFP-negative (EGFP -). Comparison of the fractions of productive CCPs which are EGFP
+ and EGFP - showed no difference between them (Figure. 3.13c (iii)), unlike epsin-positive CCSs
in epsin or epsin AENTH expressing cells which showed significant increases in the population of
productive CCPs. As tension increased, the fraction of productive CCPs decreased for cells
expressing only EGFP, consistent with the previous finding from my lab®2. Altogether, these
findings show that epsin supports the formation of productive CCPs. With the help of endocytic
binding sites in the IDP domain that confers steric crowding, epsin is able to stabilize curvature of
CCS domes. ENTH domain, however, does not play an active role in providing this stabilization
effect. Together, these results demonstrate a bi-directional stabilization of epsin recruitment by
binding to AP2 and CHC and stabilization of productive CCPs due to binding of epsin to AP2 and

CHC, both mediated by the unstructured IDP region of epsin.
3.5 Discussion

Membrane tension is known to be a regulating factor of different endocytic

pathways26:68:108.156 " prior experimental evidence points to actin dynamics in supporting the
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Figure 3.14. Summary of the role of epsin in CCS formation under different tension
environments.

Epsin provides enhanced CCS stability compared to CCSs without epsin. At high tension, more
epsin molecules are recruited to counteract elevated tension and to provide stability to CCSs.
The AP2 and clathrin binding of epsin primarily impart the additional stability to coated pits
by anchoring constituents of CCS complex together.
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tension?®. However, it has been puzzling how cells overcome the transition from flat membrane
to hemispherical domes during CME at high tension. The exact mechanism of curvature
formation in CCPs is hotly debated!'126:168.171 and whether membrane tension and presence of
membrane bending proteins during CCP initiation control fate of the CCP is an open question.
Here | uncovered epsin’s ENTH and IDP domains play complementary roles to ensure the

completion of CCS maturation under high tension environments (Figure 3.14).

Under a SIM-TIRF field, a productive CCS track shows evolution of the hemispherical
dome manifested as a ring*®®. | found that overexpressing epsin or epsin EGFP in cells support
the maturation of coated pits at high tension. Utilizing dual-color TIRF imaging, | showed that
epsin EGFP recruitment into CCSs increases with an increase in resting membrane tension or
acute membrane tension. | showed that masking ENTH domain activity in epsin (i.e. by placing
EGFP at the N-terminus end of epsin) blocks the early recruitment of epsin to the CCS sites. The
IDP domain provides binding to AP2 and clathrin, which is required for epsin’s ability to
stabilize CCSs, since ENTH domain alone is cytosolic. My finding is important as most
membrane-associated proteins disassemble or dissociate from the lipid bilayer as membrane
tension increases®2%882 The complementary actions of ENTH and unstructured IDP region of
epsin enable it to detect membrane tension variations to support the flat-to-dome transition in
high tension environments. Interestingly, | find that epsin is recruited early before clathrin, in
contrast to what Taylor et al. reported*®. This is due to the fact that Taylor et al. used a N-
terminus epsin fusion protein which blocks ENTH function. Thus, my findings would be

consistent with ENTH’s role in tension sensing.

Previously, Brady et al. showed that both ENTH and C-terminal domain of epsin regulate

its dynamic interaction with CCSs in Dictyostelium'’2. Similarly, work in yeast from the
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Wendland lab have shown that ENTH domain of epsin is essential for endocytosis by binding to
phosphoinositides and other endocytic constituents like clathrin as well as playing a role in
downstream signaling through Cdc42 signaling pathway!”>"> In contrast, my experiments
showed that the C-terminus IDP domain that contains AP2 and clathrin binding sites are
sufficient for epsin to target to CCSs. Further, Zeno et al. found that disordered domains enhance
curvature sensitivity of structured domains'*’. Similarly, | found that the synergy between a
structured (i.e. ENTH) domain and an unstructured (i.e. IDP) domain can achieve membrane

tension sensing®*’.

Although the Ho helix can insert into the membrane and acts as the tension sensor, my
data does not support that ENTH alone as the curvature generation machinery. The ability of the
unstructured IDP region to tether different endocytic proteins (AP2, clathrin), besides generating
steric pressure, is partly responsible for the stabilization effect of CCSs under high tension (i.e.,
epsin-positive CCSs have a larger fraction of productive structures). | speculate that steric
repulsion by the bulky unstructured IDP region also plays a role in inducing and stabilizing the
curvature of the dome structure'”!8, While stable epsin recruitment to CCSs requires the
presence of CHC and AP2, once epsin is recruited to CCSs it supports the formation of CCS
dome with the help of its unstructured IDP region. Interestingly, cells overexpressing epsin-
EGFP have more productive/stalled CCSs under high tension compared to cells overexpressing
epsin. The EGFP following the unstructured IDP region increases its bulkiness and therefore
steric pressure. My work implies the existence of a bi-directional stabilization between endocytic

components of CCSs and IDP-mediated curvature generation.

Elevated membrane tension plays an inhibitory role in CME?"28, | believe cargo uptake

via CME is dependent on the total number of productive CCPs on the cell membrane. Transferrin
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uptake in cells reduced as membrane tension increased in RPE cells with endogenous level epsin.
My SIM-TIRF data showed that increase in membrane tension reduced the number of productive
CCPs in RPE cells. However, the number of productive CCPs did not reduce when epsin was
overexpressed. This result is in good agreement with my transferrin uptake assay which showed
similar rate of uptake for cells overexpressing epsin under different membrane tension
conditions. This reinforces my finding that epsin plays an integral role in membrane curvature

stabilization under high tension which is necessary for the formation of productive CCPs.

It has been suggested recently that lowering membrane tension increases caveolar cluster
formation®, Interestingly, there appeared to be more clusters of CCSs in my SIM-TIRF images
under hyper-osmotic conditions. Although clusters of CCSs have been postulated to be non-
terminal endocytic events'?, it will be intriguing to see if these represent local hot spots where
membrane tension is low. There exist multiple endocytic proteins like AP2 and FCHo that perform
the same function of membrane curvature generation and stabilization in CME!1106176 Fyrther,
epsin is not expressed at elevated levels in all cell types. There were also a significant proportion
of CCPs which did not have epsin recruitment. Hence, more research should be done in exploring
the presence of these redundant membrane sculpting mechanisms in CME. It will also be
interesting to know how the arrival time of different adaptor proteins may regulate their membrane
bending capabilities. It may be the case that different membrane bending proteins may facilitate

curvature generation and stabilization in a spatiotemporally regulated manner°:1°0:156,

Finally, how might epsin’s recruitment to CCSs under high tension be important to cell
physiology? Changes in cell tension are expected to trigger various cell signaling responses.
Epsin has a ubiquitin-interacting motif (UIM) with the dual function of binding ubiquitin and

promoting ubiquitylation. Thus, regulating epsin recruitment to CCSs has important implication
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of ubiquitinated cargo endocytosis**® and signaling. The association of epsin with ubiquitinated
cargo is negatively regulated by clathrin'’’. An increase in resting cell tension increases epsin
recruitment and decreases clathrin recruitment. Coupled with the increased stability of epsin-
positive CCSs, my findings would suggest that high membrane tension would impact
ubiquitinated cargo endocytosis and signaling. The intersection of mechanosensing and
endocytic regulation remains an under-studied area that will have profound implications in

mechanotransduction.
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Chapter 4 Biomechanical Role of Epsin in Influenza A Virus Entry

4.1 Abstract

Influenza A virus (IAV) utilizes clathrin-mediated endocytosis for cellular entry. Membrane
bending protein epsin is a cargo-specific adaptor for AV entry. Epsin interacts with ubiquitinated
surface receptors bound to IAVs via its ubiquitin interacting motifs (UIMs). My investigation
shows that CALM, a structurally similar protein to epsin lacking UIMs shows weaker recruitment
to IAV-containing clathrin-coated structures (CCSs) compared to epsin. Removal of ENTH
domain of epsin containing the N-terminus Ho helix, which detects changes in membrane curvature
and membrane tension, reduces the ability of epsin to be recruited to IAV-containing CCSs. In
agreement with this finding, mutations in ENTH domain preventing the formation of Ho helix also
led to reduction in recruitment of epsin to IAV-bound CCSs and subsequent reduction in
internalization of spherical 1AVs. However, internalization of filament-forming IAVs were not
affected by the inhibition of Ho helix formation in ENTH domain of epsin. Together, these findings

support the hypothesis that epsin plays a biomechanical role in IAV entry.
4.2 Introduction

Clathrin-mediated endocytosis (CME) plays an essential role in signal transduction and
nutrient uptake in eukaryotic cells’. CME is the most frequent mode of entry for small and
medium-size viruses like Influenza A virus, Semliki Forest virus, Foot-and-mouth disease virus,

vesicular stomatitis virus, Rhinovirus (HRV2) and Adeno 2 virus'’®. Further, viruses like SARS-
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CoV2, HIV and Dengue virus use CME as one of their modes of cellular entry’®-18, Most of these
viruses cause serious illness in humans and livestock, and present a major challenge to global

health care system and economy!®+%

. Viral entry via CME is an energetically costly
biomechanical process involving plasma membrane wrapping and clathrin-coat assembly around
the virus particle®®181% The shape, size, stiffness and other physical characteristics of the particle
control the energy requirement of this process®®8-191  The mechanisms that drive the
internalization of these viral particles are not completely understood, specifically how the physical
properties of the virus influence the internalization via receptor-mediated endocytosis. Better
understanding of the biomechanics of viral entry is necessary not only in developing better

therapeutics against infectious diseases, but also in designing viral vector and nanoparticle-based

drug delivery systems!92-19,

In this chapter, | will explore the internalization of Influenza A virus (IAV) via CME
pathway. Influenza is a major challenge to public health due to the associated hospitalizations,
mortality risk as well as the frequent appearance of new strains capable of causing pandemics*é”:%,
IAVs bind to sialic acid on the cell surface and are internalized through multiple endocytic
pathways'®’. Currently it is not known which specific sialic acid-containing receptor binds to IAV
hemagglutinin (HA) to trigger endocytosis of the virion®”1%, |t is postulated that IAV receptors
exhibit strong cell tropism or they use more than one receptor for entry*®’. But it is known that
IAVs elicit downstream signaling in cells via phosphorylation and ubiquitination of surface
receptors'®®2%, The majority of plasma membrane bound IAVs utilize CME for cellular entry?®,
and it has been shown that IAVs uses epsin-1 as a cargo specific adaptor for cellular entry via
CME®, Ubiquitin interactive motifs (UIMs) in epsin 1 bind to ubiquitinated cell surface receptors

at the site of 1AV binding leading to the internalization of IAVs via CME.
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In Chapters 2 & 3, | discussed the role of epsin 1 in promoting and stabilizing clathrin coat
assembly at high membrane tension conditions. | showed that Ho helix in the N-terminus of epsin
acts as a tension sensor. Previous works have shown that Ho helix in ENTH/ANTH proteins can
detect and generate membrane curvature'?”!34 | hypothesize that in addition to being cargo
specific adaptor for IAVs, epsin 1 also plays a biomechanical role in curvature and clathrin coat
assembly stabilization during the viral entry via CME. Clinical isolates of IAVs have filamentous
virions compared to spherical laboratory strains, and research have suggested that different
endocytic pathways are may be utilized by the 1AV strains to internalize based on their particle
morphology?°?2%, By utilizing the curvature sensing ability of Ho helix, epsin may enable the
entry of 1AVs of different morphology via CME by detecting the local change in membrane
curvature upon viral binding. In this chapter, using full-length epsin and epsin mutant without
functional Ho helix as well as I1AVs of different morphologies, | investigated the biomechanical
role of epsin in IAV entry. | used live cell lattice light sheet microscopy to image the viral entry
via apical and basal surface of RPE cells. Further, I quantified the co-localization of epsin and its
mutant with different strains of IAVs using TIRF microscopy and 3D-SIM (structured illumination
microscopy). The bulk uptake of different strains of IAVs into RPE cells expressing proteins of

interest were quantified using flow cytometry.
4.3 Materials and Methods

4.3.1 Cells and reagents

Stable RPE cells overexpressing WT epsin or expressing epsin EGFP or epsin EGFP mutants
and mCherry clathrin light chain (Clc) were generated as described in Chapters 2 and 3. Stable

cells expressing EGFP Clc were transiently transfected with CALM mCherry (Addgene). For
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transfection, cells at 70% confluency were transfected with the desired DNA constructs using
lipofectamine 2000 (Invitrogen) in Opti-MEM (Gibco). These cells were cultured in Dulbecco’s
Modified Eagle Medium with nutrient mixture F-12 (DMEM/F12) supplemented with 10% (v/v)

fetal bovine serum (FBS) and 2.5% (v/v) penicillin/streptomycin at 37°C and 5% CO..
4.3.2 Generation of Influenza A Virus strains with different morphologies

Influenza A virus (H3NZ2: strain A/Aichi/2/68) was purchased from ATCC. Influenza A
viruses HIN1: A/WSN/1933 and its mutant strains were generated by Akira Ono’s Lab (University
of Michigan). WSN WT, a lab adapted strain of HIN1: A/WSN/1933 strain was generated by Ono
lab utilizing a reverse genetics sytem?® by transfecting HEK293T cells with 8 genome segment of
Influenza virus followed by further propagation in MDCK culture. Viruses of different
morphology were generated by replacing the M segment encoding M1 and M2 structural proteins
of IAV2%, WSN WT strain is known to produce spherical IAV morphology. WSN-UdM strain

which forms filamentous IAVs were WT WSN WSUdM WSN-UdM1A

generated by replacing M segment of gk " e
WSN-WT with M segment of H3N2:

A/udorn/1972 strain®® (Figure 4.1).

Isogenic control (WSN-UdM1A) of Figure 4.1. Spherical and filamentous IAV
morphologies.

WSN-UdM was generated by point MDCK cells producing spherical (WSN WT), mixed

population of filamentous and spherical (WSN-UdM)
and isogenic spherical (WSN UdM1A) [AVs. Signal are
detected by immunostaining for HA (non-
permeabilized). Images obtained by Ono Lab.

mutation in M segment of WSN-
UdM which abrogate the ability of
producing filamentous particles. Plague forming units (p.f.u), which show the viral titer of IAV

variants were determined using plaque formation assay.
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4.3.3 Fluorescence labeling of 1AV

IAVs were labeled with lipophilic dye DiD (Invitrogen). 100 pL original virus stocks of each
strain were incubated with 1 puL of 1 mM DiD dissolved in DMSO at room temperature with gentle

vortexing. Unincorporated dye was removed by centrifugation at 5000 g followed by media

WT WSN WSN-UdM WSN-UdM1A

exchange using Amicon Ultra-
15 centrifugal filter units
(MilliporeSigma). Labeled

IAVs were visualized using
Figure 4.2. Fluorescence labeled IAV particles. epi-fluorescence  microscopy

WSN WT, WSN-UdM and WSN-UdMI1A IAV particles (Figure 4.2).
labeled with DiD lipophilic dye.

4.3.4 Actin cytoskeleton disruption

RPE cells overexpressing epsin EGFP or epsin mut-Ho EGFP and mCherry Clc were
incubated with Latrunculin A (0.5 uM) (Thermo Fisher Scientific) for 30 minutes at 37 °C for

disrupting actin cytoskeleton prior to influenza viral infection.
4.3.5 Inhibiting clathrin-mediated endocytosis

RPE cells stably expressing epsin EGFP or epsin mut-Ho EGFP and mCherry Clc were
incubated with Pitstop 2 (20 uM) (Abcam) for 15 minutes at 37 °C for inhibiting CME prior to

influenza viral infection.
4.3.6 TIRF microscopy

RPE cells stably expressing epsin EGFP or epsin EGFP mutants and mCherry Clc or

transiently expressing CALM mCherry and EGFP Clc were seeded on glass-bottom dishes (#1.5,

90



Mat-tek Corp.) 12 to 16 h prior to experiment. DiD tagged Influenza A virus (7 — 8 x 10 PFU/ml)
were added to the dishes and incubated at 37°c for 1 h. Immediately after, the cells were washed
with PBS and fixed using 4% paraformaldehyde for 10 min on ice. TIRF microscopy was
performed to image the colocalization of IAVs at the basal layer of cells using a Nikon TiE-Perfect
Focus System (PFS) microscope equipped with an Apochromat 100X objective (NA 1.49), a
SCMOS camera (Flash 4.0; Hamamatsu Photonics, Japan), and a laser launch controlled by an
acousto-optic tunable filter (AOTF). Fixed Cells were imaged at 100 ms exposure with excitation

of 488 nm (EGFP), 561 nm (mCherry), 640 nm (DiD) lasers (Coherent Sapphire).
4.3.7 3D structured illumination microscopy

RPE cells stably expressing epsin EGFP or epsin mut-Ho EGFP and mCherry clathrin were
seeded on 8-well chamber culture slide (#1.5, Nunc Lab-Tek) 12 to 16 h prior to each experiment.
Cells were infected with labelled WSN-WT and WSN-UdM IAVs for 1 hr. Immediately after, the
cells were washed with PBS and fixed using 4% paraformaldehyde for 10 min on ice. 3D-SIM
was performed using a Nikon N-SIM microscope equipped with an Apochromat 100X objective
(NA 1.49) and a SCMOS camera (Flash 4.0; Hamamatsu Photonics, Japan). Images were acquired
in 3D SIM mode with nine images taken at each z depth of 200 nm of each color with linear
translation of Moire pattern for SIM reconstruction. EGFP epsin, mCherry clathrin and DiD
labelled 1AVs were acquired at each z-step with 488 nm, 561 nm, and 640 nm excitation at

exposure times of 100 ms, 100 ms and 50 ms respectively.
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4.3.8 Live-cell lattice light sheet microscopy

RPE cells stably expressing epsin EGFP or epsin mut-Ho EGFP and mCherry clathrin were
seeded on 8-well chamber culture slide (#1.5, Nunc Lab-Tek) 12 to 16 h prior to each experiment.
DiD tagged Influenza A virus (7 — 8 x 10 PFU/mI) were added to each well and immediately
mounted on the microscope. Viral entry to the whole cell volume was imaged for a duration of 30
min using ZEISS lattice lightsheet 7 (44.83X/1.0 NA Objective at 60° angle to the cover glass,
Pco.edge 4.2 CLHS sCMOS camera). The whole volume of a cell was imaged in 30 s with an
acquisition sequence of 15 ms exposure for 488 nm, 561 nm and 640 nm excitations at individual
imaging depth. Lightsheet images were deskewed, deconvolved, drift corrected and transformed
to cover glass orientation using Zeiss Zen 3 software. Deskewed, transformed image in cover glass

orientation has a voxel size of 145 nm x 145 nm x 145 nm.
4.3.9 Colocalization analysis for fixed cells.

IAVs and CCS puncta with proteins of interest were detected by performing Gaussian mixture
model fitting using custom-written software in Matlab (MathWorks Inc.) as previously described
in Aguet et al*®. Percentage of IAVs colocalized with epsin, epsin mutants, CALM and Clc were
calculated. If detection mask of individual 1AVs overlapped with detection masks of protein
puncta, such IAVs were counted as colocalized with the corresponding protein. Further, the
strength of recruitment of proteins to IAV-containing CCSs were determined. Around each
detected IAV colocalized with proteins of interest, an annulus region was considered with an outer-
radius two times and inner-radius equal to the radius of the IAV. Ratio of average intensity of
proteins in the IAV puncta and in the annulus region around 1AV was calculated. Proteins were

considered preferentially recruited to the 1AV puncta if the intesity ratio was greater than 1. The
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intensity ratio of the epsin, epsin mutants, CALM and Clc were compared to determine the relative

strength of recruitment.
4.3.10 1AV particle tracking for lattice light sheet microscopy

Individual trajectories of 1AVs were detected and tracked using Trackmate plugin in FIJI
(ImageJ)*®® from the deskewed and transformed 3D time lapse images of viral entry. A detector
with Laplacian of Gaussian filter is applied to detect IAVs with a quadratic fitting scheme for
subpixel localization and estimated blob size parameter of 3 um. A simple Linear Assignment
Problem (LAP) tracker was applied with a maximum linking and gap closing distance of 3 um and
maximum gap closing of 2 frames. Using a custom written software in MATLAB (Mathworks
Inc.), time-lapse montage of IAV particle images (3 x 3 um) overlayed with corresponding epsin
EGFP and mCherry Clc images were generated by utilizing the spatial and time coordinate of
IAVs tracked by Trackmate. Subsequently, using edge detection, epsin and clathrin puncta in the
montage co-localizing with the 1AV tracks were detected. An IAV track was considered
colocalized with epsin or clathrin if it had overlapping epsin or clathrin puncta in more than three
consecutive frames. 1AV tracks were classified into three population, (i) IAV tracks which are
clathrin and epsin positive, (ii) AV tracks which are clathrin positive and epsin negative, (iii) IAV

tracks which are clathrin and epsin negative.
4.3.11 Flow cytometry

RPE cells expressing different epsin constructs were plated in 24 well plates 12 to 16 h prior
to each experiment. Cells were infected with DiD-tagged Influenza virus (7 — 8 x 10° PFU/ml) at
37 °C for a time course from 1 h to 4 h. Immediately after, the cells were washed with PBS and

lifted with trypsin EDTA (0.25%, Gibco), and resuspended in 4% paraformaldehyde fixing
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solution for 10 min on ice. Cells were analyzed by Guava EasyCyte Flow cytometer for 1AV

uptake. Flow cytometry data was analyzed using Flowing Software (Turku Bioscience).

4.4 Results
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Figure 4.3. Colocalization of 1AVs to ENTH/ANTH
proteins containing CCSs.

a. 1AVs bound to surface of RPE cells overexpressing epsin
EGFP or CALM mCherry. White arrows in inset shows 1AVs
bound to cell surface b. Percentage of 1AVs colocalizing with
epsin and CALM to the total number of 1AVs bound to the
surface. c. Ratio of puncta intensity to background intensity of
proteins colocalized with surface bound IAVs. For b and c,
Necelis expressing epsin EGFP were 15 and Nceis expressing
CALM mCherry were 10. The error bars denote standard error.
*** represent p < 0.001.
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4.4.1 1AVs co-localize with
clathrin-coated structures
(CCSs) containing

ENTH/ANTH proteins.

Influenza A virus is
known to enter cells via CME
by hijacking the activity of
endocytic associated
proteins?12%’  ENTH/ANTH
proteins play an important
role in membrane curvature
formation during CME33:208,
To study how ENTH/ANTH
proteins are involved in 1AV
entry, | utilized stable RPE
cells expressing epsin EGFP,
an ENTH family protein or
transiently expressing

CALM mCherry, an ANTH



family protein. Both RPE clones stably expressed mCherry Clc or EGFP Clc respectively and
allowed me to track CCSs. These cells were infected with DiD-labelled 1AVs (H3N2: strain
A/Aichi/2/68) for 1 h, before fixation. The cells were imaged using TIRF microscopy to determine

colocalization of IAVs with epsin EGFP or CALM mCherry (Figure 4.3a).

Colocalization analysis of IAVs with epsin EGFP shows 90% of IAVs localizing in CCSs
containing epsin (Figure 4.3b). Colocalization of 1AVs with CALM mCherry-containing CCSs
were lower at around 65%. Further, the strength of recruitment of epsin or CALM to IAVs was
measured by quantifying the ratio of intensity of protein puncta versus the background protein
intensity of CCSs containing epsin or CALM colocalized with an IAV. This ratiometric
quantification showed higher recruitment of epsin compared to CALM to CCSs budded at IAV
binding sites. Even though CALM is structurally similar to epsin, it does not possess UIMs which
is shown to interact with ubiquitinated surface receptors bound to 1AVs!3%123, Both results confirm

earlier findings that epsin is a cargo-specific adapter for CME of 1AVs'¥,
4.4.2 Bulk uptake of 1AVs is not affected by the overexpression of WT epsin in RPE cells.

| utilized flow cytometry to study the bulk uptake of DiD labelled 1AVs (H3N2: strain
A/Aichi/2/68) by RPE cells expressing different epsin constructs. | looked at the rate of uptake
with time and found that IAV uptake increased from 0 h to 1 h to 4 h as expected (Figure 4.4a),
in epsin EGFP overexpressing RPE cells. About 10% of RPE cells overexpressing epsin EGFP
internalized DiD-labelled 1AVs after 1 hour of incubation. About 25% of RPE cells overexpressing
epsin EGFP had internalized IAV at the end of 4 hour incubation. To study whether overexpression
of epsin increase the internalization of IAVs, RPE cells expressing endogenous level of epsin and
overexpressing epsin WT were incubated with DiD labeled IAVs for 4 hours. Contrary to what

was expected, overexpression of wild type epsin did not increase the uptake of IAVs compared to
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RPE cells with endogenous expression (Figure 4.4b). Around 23% of RPE cells with endogenous
expression and 22% of RPE cells with epsin WT overexpression clones had internalized IAVs at
the end of 4 hour. This result also confirm the findings of Chen and Zuang**® which showed the

expression level of epsin do not control the rate of infection of IAVs in BSC-1 cells.
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Figure 4.4. Bulk uptake of 1AVs is not affected by overexpression of epsin.

a. Flow cytometry histograms showing 1AV uptake at 0 hr (no infection), 1 hr and 4 hr in RPE
cells overexpressing epsin EGFP. b. 1AV uptake (4 hr) in RPE cells with endogenous
expression of epsin and overexpression of epsin WT. Percentage of cells with 1AV
internalization is shown in the inset. Experiments were repeated n = 3 and standard deviation is
provided in the inset.

4.4.3 Colocalization of IAVs to CCSs and internalization are disrupted by overexpression of

epsin mutants without functional ENTH domain.

In Chapters 2 and 3, | showed that ENTH domain of epsin is biomechanically active. The Ho
helix in the N-terminus of ENTH domain acts as a tension sensor and can detect changes in area
per lipid in the lipid bilayer. Overexpression of epsin did not affect the bulk uptake of IAV in RPE

cells. It has been shown previously that removal of UIMs from epsin can reduce the colocalization
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of IAVs with CCSs*®. | investigated whether removal of biomechanically active ENTH domain

also elicit a similar disruption of 1AV colocalization with epsin-containing CCSs.

RPE cells stably expressing epsin AENTH EGFP and mCherry Clc were infected with DiD-
labelled 1AVs (H3N2: strain A/Aichi/2/68) for 1 h, before fixation. The cells were imaged using
TIRF microscopy to determine the colocalization of IAVs with CCSs containing epsin without
ENTH domain (Figure 4.5a). IAVs show reduced colocalization with CCSs containing epsin
AENTH EGFP compared to CCSs containing epsin EGFP (Figure 4.5b). Ratio of puncta intensity
to background intensity in CCSs with epsin AENTH EGFP colocalized with IAVs was lower than
that of IAVs colocalizing with epsin EGFP (Figure 4.5c¢). This points to the reduction in strength
of recruitment of epsin to CCSs containing 1AVs upon removing the ENTH domain. Epsin
AENTH still possess functional UIMs which mediate the biochemical interaction of IAVs with
epsin. This finding may point to a biomechanical role of ENTH domain in localizing IAVs to
CCSs. Further colocalization analysis showed using live cell imaging in subsequent sections

confirmed this finding.

Using flow cytometry, the bulk uptake of IAVs by RPE cells overexpressing epsin AENTH
EGFP was quantified. | showed earlier that the overexpression of epsin in RPE cells did not
increase IAV uptake. However, RPE cells overexpressing epsin AENTH EGFP showed reduced
internalization of IAVs compared to cells overexpressing epsin EGFP (Figure 4.5d). RPE cells
with mutated Ho helix also showed similar reduction of internalization of IAVs compared to full
length epsin. Both results point to disruption of ENTH domain activity abrogates the ability of

epsin to act as a cargo-specific adaptor for IAV entry.
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Figure 4.5. Colocalization to CCSs and internalization of 1AVs is disrupted in cells
overexpressing epsin without a functioning ENTH domain.

a. IAVs bound to surface of RPE cells stably expressing epsin AENTH EGFP and mCherry
Clc. White arrows in inset show IAVs bound to cell surface. b. Percentage of IAVs containing
CCSs colocalizing with epsin and epsin AENTH . c. Ratio of puncta intensity to background
intensity of proteins colocalized in 1AV containing CCSs d. IAV uptake (4 hr) in RPE cells
stably expressing epsin EGFP, epsin AENTH EGFP and epsin mut-Ho EGFP. Percentage of
cells with 1AV internalization is shown in the inset. Experiments were repeated n = 3 and
standard deviation is provided in the inset. For b and ¢, Ncens expressing epsin EGFP were 15
and Ncens expressing CALM mCherry were 10. The error bars denote standard error. *, ***
represent p < 0.05 and p < 0.001 respectively.
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4.4.4 Visualization of IAV entry via CME using lattice light sheet microscopy

CME is often visualized in live cells using TIRFM. However, visualizing viral entry via CME
in live cells using TIRFM is not ideal as most entry events occur at the apical side of the cell.

Hence, | utilized lattice light-sheet microscopy to track the IAV entry into cells via CME. As lattice

a apical section mid-section basal-section

0 80 160 200 240 280 320 360
Time (s)

Figure 4.6. AV internalization visualized using lattice light sheet microscopy.

a. Different sections of RPE cells overexpressing epsin EGFP and mCherry Clc. IAVs are
shown with white arrows (inset). b. Three example trajectories of IAV (magenta)
internalization in x-y and x-z spatial orientations. The fully internalized IAV is shown using

white arrows.
light sheet microscopy performs volumetric imaging of cells, it can visualize the entire cell surface
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enabling simultaneous imaging of AV internalization in apical and basal sections of the cells
(Figure 4.6a). From the volumetric movies of cells, 3-dimensional tracking was performed using
Trackmate to detect and track 1AVs binding to the cell surface followed by internalization via
CME or non-CME mechanism. The time lapse montages of IAV entry in x-y and x-z spatial
orientation provide information on when the 1AV is internalized by the cell and whether epsin
and/or clathrin colocalized with the particular viral particle under consideration (Figure 4.6b). We
used epsin EGFP as a volume marker to visualize the cytoplasm near plasma membrane where
IAVs bind. In x-z projection of time lapse images of tracked IAV, internalization is characterized
by 1AVs completely entering the illuminated cytoplasm (shown in white arrows in Figure 4.6b).
For IAVs bound to the apical section of cells, internalization requires the z-position of the IAV
moved towards the basal direction of the cell. Together, lattice light sheet microscopy provides an

attractive alternative to conventional microscopy techniques to visualize IAV entry.
4.4.5 Cellular entry of filament-forming 1AVs via CME

CME is the most well-characterized pathway for IAVs to gain cellular entry. Clathrin-coated
vesicles canonically has spherical morphology!. We speculate that the shape of the cargo particle
may play an important role in the mode of endocytic pathway utilized for cellular entry.
Filamentous IAVs have been shown to utilize macropinocytosis as a mode of cellular entry?%,
Thus, I investigated whether epsin plays any role in the internalization of filament-forming IAVs.
Our collaborators in the Ono lab generated IAVs which form filaments (WSN-UdM) by replacing
the M domain of spherical virus producing IAV strain HIN1: A/WSN/1933 with the M domain of
H3N2: A/udorn/1972 strain. The formation of IAV filaments were confirmed in MDCK cells
infected WSN-UdM by non-permeabilized immunostaining against influenza surface protein,

Hemagglutinin (HA) (Figure 4.1). However, DiD-labelled WSN-UdM particles did not show
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filamentous nature under TIRFM (Figure 4.2). This may be due to the possibility that majority of

individual rod-shaped IAVs are around 100-300 nm in size?® and hence the unevenness of their

morphology is below optical resolution limit by TIRF microscopy.

LTy ey

epsin mut-Ho

Figure 4.7. Colocalization of spherical and filament-
forming 1AVs to CCSs.

3D SIM images (maximum intensity projection) of spherical
(WSN-WT) and filament-forming (WSN-UdM) viruses bound
to CCSs in apical section of RPE cells stably expressing epsin
EGFP or epsin mut-Ho EGFP and mCherry Clc. White arrows
in inset show IAVs bound to CCSs on the cell surface.

Even though the
canonical shape of a CCS is
spherical, non-spherical
cargos are internalized via
CME?®, | utilized 3D-
structural illumination
microscopy (S1M) to
visualize the colocalization
and morphology CCSs with
spherical WSN-WT and
filament-forming WSN-UdM
on the apical surface of the
cell (Figure 4.7). Maximum
intensity projection of 3D-
SIM images of apical surface
of RPE cells infected with

WSN-WT and WSN-UdM

for 1 hr showed colocalization of both viral strains to CCSs. Further both strains were recruited
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Figure 4.8. Both spherical and filament forming IAVs co-localize and internalize via
CCSs.

a Time lapse montages of WSN-WT particles co-localizing with epsin EGFP and mCherry Clc
(top panel) and epsin mut-Ho EGFP and mCherry Clc (bottom panel). b Time lapse montages
of WSN-UdM particles co-localizing with epsin EGFP and mCherry Clc (top panel) and epsin
mut-Ho EGFP and mCherry Clc (bottom panel).

into CCSs containing epsin EGFP. However, | was not able to delineate significant variations in

the morphology of CCSs associated with spherical and filament-forming IAVs.

To understand the particular difference in dynamics of internalization of spherical and
filament-forming 1AVs via CME, | used live cell imaging with lattice light sheet microscopy to
visualize the 1AV tracks. | investigated the mode of internalization of WSN-WT and WSN-UdM
in RPE cells stably expressing epsin EGFP or epsin mut-Ho EGFP and mCherry Clc. It has been
shown previously that filamentous viruses use macropinocytosis as the preferred mode of
endocytosis for cellular entry?®®. | hypothesized that WSN-UdM particles may show lower
colocalization and internalization via CCSs as it is shown to form IAV filaments. Surprisingly,
time-lapse montages of IAV tracks showed both WSN-WT and WSN-UdM particles internalizing
primarily through CME (Figure 4.8a and 4.8b). Around 75% of WSN-WT particles and WSN-
UdM particles were bound to CCSs during cellular entry (Figure 4.9a). Further, WSN-UdM
particle containing CCSs showed strong recruitment of epsin and epsin mut-Ho compared to WSN-
WT bound CCSs. | quantified the strength of recruitment of epsin and epsin mut-Ho to WSN-WT
bound CCSs and WSN-UdM bound CCSs by quantifying the maximum ratio of intensity in the
puncta to background from individual 1AV tracks. WSN-WT bound CCSs showed high strength
of recruitment for epsin EGFP compared to epsin mut-Ho (Figure 4.9b). However, WSN-UdM

bound CCSs showed only a small reduction in strength of recruitment for epsin mut-Ho compared
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full length epsin. These findings were in agreement with the 3D-SIM images of WSN-UdM
showing colocalization with both epsin and epsin mut-Ho. These findings suggest that interference

in Ho helix formation in epsin does not majorly impact the recruitment of epsin to WSN-UdM

bound CCSs.
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Figure 4.9. CCSs containing filament-forming IAVs strongly recruit epsin.

a. Percentage of WSN-WT and WSN-UdM particles bound to CCSs colocalizing with or
without epsin or epsin mut-Ho. b. Maximum ratio of puncta intensity to background intensity
of epsin or epsin mut-Ho colocalized with IAV-containing CCSs. For a and b, Njav tracks for
WSN-WT in cells expressing epsin EGFP, WSN-WT in cells expressing epsin mut-Ho EGFP,
WSN-UdM in cells expressing epsin EGFP and WSN-UdM were 91, 105, 180, 225 respectively
and corresponding Ncens Were 18, 14, 15, 21 respectively. The error bars denote standard error.
ns represent not significant. *, ** and. *** represent p < 0.5, p<0.01 and p < 0.001 respectively.

Mutations in Ho helix of epsin have shown to reduce the bulk uptake of spherical IAVs. Similarly
using flow cytometry-based 1AV uptake experiments, | investigated whether mutations in epsin
mut-Ho impact the bulk uptake filament-forming IAVs. Filament-forming WSN-UdM viruses
show higher uptake than spherical WSN-WT particle (Figure 4.10a). Isogenic clone of WSN-
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Figure 4.10. Bulk uptake of WSN-UdM is not affected by mutation Ho in epsin.

a. Uptake (4 hr) of WSN-WT, WSN-UdM and WSN-UdM1A by RPE cells stably expressing
epsin EGFP. Percentage of cells with IAV internalization is shown in the inset. b. Uptake (4 hr)
of WSN-WT, WSN-UdM and WSN-UdM1A by RPE cells stably expressing epsin mut-Ho
EGFP. Percentage of cells with 1AV internalization is shown in the inset. For a and b,
experiments were repeated n=3 and standard deviation is provided in the inset.

UdM, which cannot form filaments due to a point mutation (WSN-UdMZ1A) also showed higher
uptake than that of WSN-WT. Comparing the uptake of these particles in RPE cells expressing
full length epsin and epsin mut-Ho, | observed that uptake of WSN-WT was reduced in RPE cells
expressing epsin mut-Ho (Figure 4.10a and b). However, WSN-UdM did not show significant
reduction in internalization in RPE cells expressing epsin mut-Ho compared to cells expressing full
length epsin. However, WSN-UdM1A, the isogenic clone of WSN-UdM1A also showed reduction
in internalization to RPE cells expressing epsin mut-Ho compared to cells expressing full length
epsin. Together, these data confirm that filament-forming 1AV recruitment is not inhibited by

intereference in activity of Ho helix in the N-terminus of epsin.
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4.5 Discussion

Influenza A viruses hijack the activity of endocytic machinery involved in CME to gain
cellular entry. Epsin 1, mediated by its UIMs, acts as a cargo specific adaptor for CME of IAVs.
In Chapters 2 and 3, | discussed the mechanical regulation of CME by epsin at high membrane
tension conditions. Here | uncovered a similar biomechanical role of epsin mediated by its Ho helix

in IAV entry via CME.

UIMs mediate the interaction of epsin with ubiquitinated receptors at IAV binding sites on
plasma membrane!®. | considered CALM, another membrane bending protein from ENTH/ANTH
family which is structurally similar to epsin**3, but CALM does not possess UIMs. CALM showed
lower strength of recruitment to IAV bound CCSs compared to epsin, confirming the role of UIMs
in IAV-mediated recruitment of epsin to CCSs. Interestingly, overexpression of epsin in RPE cells
did not lead to an increase in internalization of IAVs. This is consistent with earlier findings that
knocking down epsin in cells did not affect the rate of internalization of 1AVs!®, Both these
findings point to the ability of IAVs to switch the mode of viral entry to other endocytosis

mechanisms or membrane fusion?8?,

My investigation along with results from other groups showed that ENTH domain of epsin
is biomechanically active with N-terminus Ho helix in the ENTH domain of epsin acting as a
membrane tension and curvature detector’*+1°6:210 Fyrther, | showed previously that there exists
complementary mechanisms mediated by ENTH domain and C-terminus intrinsically disordered
domain of epsin to drive and stabilize membrane curvature necessary for the formation of CCSs
at high membrane tension. Internalization of IAVs via CME involves membrane wrapping around

IAVs which is energetically costly®?. IAV tracks obtained using lattice light sheet imaging showed
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longer lifetimes for CCSs bound with 1AVs consistent with the earlier findings showing that IAV
bound CCSs taken longer time to internalize. Motivated by these findings and given that epsin
plays an important role in IAV entry via CME, | hypothesize that biomechanical activity of epsin
in detecting and driving membrane curvature is necessary for the CCS formation around 1AVS. |
showed that the removal of ENTH domain from epsin reduces its strength of recruitment to IAV
containing CCSs. This result drew comparisons to my earlier findings showing the reduced
nucleation of epsin without ENTH into CCSs at high membrane tension. Mutation of Ho helix in
ENTH domain also elicited a similar reduction in strength of recruitment of epsin to 1AV
containing CCSs. Further, cells overexpressing either epsin mutants without ENTH domain or
mutated Ho helix showed reduction in bulk internalization of 1AVs compared to cells expressing
full length epsin. This finding is contrary to the earlier results showing that bulk internalization of
IAVs is not affected by the expression level of epsin. A potential explanation is that overexpression
of epsin mutants with a faulty Ho helix may compete with and overwhelm endogenous epsin and
other membrane bending proteins from binding to IAV bound regions on the cell membrane. The
overexpressed epsin mutants still possesses intact UIMs and can bind to the ubiquitinated surface
receptors at IAV binding sites without initiating Ho helix-mediated membrane curvature generation
and subsequent nucleation of CCSs around IAVS. Further, IAV uptake experiments using epsin
mutant without ENTH domain and UIMs sites will be necessary to test this hypothesis. This mutant
will not recognize ubiquitinated surface receptors at IAV binding sites and hence cannot interfere
with binding of endogenous membrane bending proteins with UIMs enabling the internalization

of IAVs.

The mechanisms that drive the cellular entry of filamentous 1AVs is poorly understood.

Even though the canonical shape of clathrin-coat assembly is spherical, studies have shown that
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non-spherical cargo may also gain cellular entry via CME?'%?12, The internalization of vesicular
stomatitis virus via CME is mediated by actin assembly and is regulated by the length of the
particle?!?, These filamentous viral particles enter the cells through incompletely coated vesicles

that internalize with the aid of actin assembly?!!

. This is analogous to the internalization of CCPs
at high membrane tension which is also supported by actin assembly?®. To investigate the
pathways through which filamentous 1AVs enter cells, our collaborators generated mutant 1AVs
by replacing the M domain of a spherical laboratory strain with M domain of an 1AV strain which
produce filamentous particles. The individual filament forming 1AVs were not distinguishable
from spherical I1AVs under TIRF microscopy; however, upon infecting MDCK cells they formed
clearly visible filaments which are micrometers long. Compared to spherical 1AVs, filament-
forming 1AVs showed increased bulk internalization into RPE cells. Both 3D-SIM and live-cell
tracks of filament-forming IAVs showed that these particles strongly recruit to and are internalized
via CCSs. Further, the strength of recruitment of epsin to filament-forming IAVs did not show a
drastic drop off as seen in the case of spherical IAVs when the activity of Ho helix was
compromised. In addition, there was no significant drop in bulk internalization of filament-forming
IAVs to RPE cells overexpressing epsin mut-Ho as seen in spherical 1AVs. Further the isogenic
clone of filament-forming IAV strain with a point mutation preventing the formation of 1AV
filaments, showed similar uptake characteristics as that of spherical IAVs. This led me to conclude
that the unique internalization characteristics of filament-forming 1AVs were mediated by the
shape of the particles rather than biochemical interactions of M domain. Further investigations is
required to uncover how they enable their entry without the membrane curvature generating

activity of Ho helix. | hypothesize that membrane curvature generation by epsin 1 may not play a

significant role in the internalization of filament-forming IAVs via CME. Perhaps activity of actin
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cytoskeletal assembly is responsible for their entry via CME similar the case of filamentous
stomatitis virus. Together, my investigation into IAV entry via CME shows a biomechanical role
of epsin in enabling viral entry of spherical 1AVs. Although filament-forming 1AVs strongly
recruit epsin, they did not require the membrane curvature detection and generation of epsin

mediated by its Ho helix.
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Chapter 5 Conclusions and Future Perspective

5.1 Overview

This thesis describes my investigation into the role of mechano-regulation in clathrin-
mediated endocytosis (CME), specifically focusing on the role of the membrane bending protein

epsin in stabilizing cargo carrying clathrin-coated pits (CCPs).
5.2 Chapter 2 summary and future directions

In Chapter 2, | investigated the effect of membrane tension on the recruitment of epsin into
clathrin-coated structures (CCSs). Earlier works from our lab had shown that clathrin recruitment
is reduced at high resting membrane tension condition created by forcing cells to spread on large
fibronectin islands®2. In my own work, we found that epsin recruitment to CCSs increased with
increasing resting membrane tension. We found that epsin recruitment also increased with acute
increase in membrane tension due to hypo-osmotic shock. Epsin-containing CCSs showed high
nucleation density at high membrane tension conditions. Further, epsin recruited to CCSs was
completed prior to that of clathrin. We hypothesized that insertion of alpha helix at the N-terminus
of epsin into the lipid bilayer may be responsible for its unique tension-mediated recruitment into
CCSs. The removal of ENTH domain containing Ho helix did not abrogate the recruitment of epsin
to CCSs but reversed the high nucleation density of epsin puncta as well as the high intensity of
recruitment of epsin to CCSs at high tension. Removal of ENTH domain also inhibit the ability of

epsin to be recruited prior to clathrin into CCSs. Mutating Ho helix region of epsin or specifically
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mutating the PIP2 binding motifs in the Ho helix also led to the loss of epsin’s unique tension-
mediated recruitment. Masking the N-terminus of epsin with an EGFP tag also prevented the early
recruitment of epsin to CCSs. Molecular dynamic simulation of the epsin N-terminal homology
(ENTH) domain showed the coiling of Ho helix upon binding to PIP2 into a more structured
domain when embedded in lipid bilayer. Together, these findings led me to conclude that Ho
alpha helix in ENTH domain of epsin can detect the change in area per lipid in bilayer enabling it
to detect changes in membrane tension and mediate the tension dependent recruitment of epsin

into CCSs.

5.2.1 Does amphipathic helix act as a membrane tension sensor in other endocytic associated

proteins?

Multiple families of proteins associated membrane trafficking including small GTPases,
ENTH/ANTH family, N-BAR family, Atg proteins are known to possess amphipathic helices
(AHs) 2%, These AHs play an important role in membrane curvature detection and induction of
membrane fission which are integral in endocytosis®*1%>2% My investigation into membrane
tension-mediated recruitment of epsin into CCSs showed that amphipathic helix Ho can act a
membrane tension sensor?!3, Molecular dynamics simulation from our collaborators have shown
that it is the ability of Ho helix to detect changes in area per lipid in the plasma membrane that
enables its tension sensitivity. Formation of Ho helix upon binding to PIP> is not unique to epsin-
1, but is observed in other members of ENTH/ANTH families and other protein families20:127.15,
So | postulate that other Ho helix containing endocytic proteins can also elicit membrane tension-

mediated recruitment with Ho helix acting as a membrane tension sensor.

To investigate whether other endocytic proteins elicit membrane tension-mediated

recruitment, | propose to investigate the recruitment of representative membrane-associated
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protein CALM from ANTH family*3®, Amphiphysin 2, Endophilin and PICK1 from N-BAR
family'>>2%8 and Arf1 from small GTPase family?%®24, CALM utilizes its AH to sense and drive

membrane curvature and thereby regulates the size and maturation of CCSs*?’

. Amphiphysin 2
and Endophilin synergistically recruit dynamin to CCSs and the dynamic clustering of dynamin-
amphiphysin helices lead to constriction of membrane and vesicle scission?*>2!’. Endophilins form

N-BAR lattices on membrane surfaces held by interactions between their N-terminus AHs which

lead to curvature generation®*, Protein Amphipathic helix

AH in PICK1 mediates its Epsin 1 1-MSTSSLRRQMKNIVHNY-17
CALM 2-SGQSLTDRITAAQHSVTG-19

membrane curvature Sensing Endophilin A1 2-SVAGLKKQFHKATQKVSE-19

Amphiphysin 2 18-VQKKLTRAQEKVLQKLGKA-36
enabling its localization to insulin PICKT 113-SLDIVLKKVKHRLVENMS-130
Arf1 1-MGNIFANLFKGLFGKKEMR-19

granules, which is critical for the
Table 5.1. PIP2binding amphipathic helices in
insulin storage in pancreas®®. GTP ENTH/ANTH proteins.

activated Arfl anchors to cell Amphipathic helices of different endocytosis associated
proteins from ENTH/ANTH family. PIP; binding site is
membrane using its N-terminus  marked in red. Adapted from Zhukovsky et al. 2019.

AH and plays a major role in membrane curvature induction in COPI endocytosis?'®. Altogether,
these proteins are involved in integral stages of clathrin-mediated endocytosis and other
intracellular trafficking processes including membrane curvature sensing, curvature induction and
membrane scission. The amphipathic helical region of these proteins contain PIP2 binding (K/R/H)
(KIR/H)XX(K/R/H) motif?%® (Table 5.1). Our molecular dynamics simulation had shown that the
Ho helix in ENTH domain of epsin is uncoiled in cytosol and coils to form amphipathic helix upon
PIP. binding followed by horizontal insertion into the lipid bilayer. Further, mutation of PIP;
binding site RRQMK to SSQMS reverses the tension-mediated elevated recruitment of epsin.

Molecular dynamics simulations of amphipathic helices of these proteins, along with plasma
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membrane recruitment studies of their mutants without PIP, binding motif, will help us to
understand whether these AHs can act as a tension sensor in addition to the already described roles
they play. As membrane tension generally play an inhibitory role in endocytosis, understanding
the ability of these proteins to sense tension will provide us with a better mechanistic picture of

the molecular machinery involved in endocytosis.
5.3 Chapter 3 summary and future directions

In Chapter 3, | investigated whether elevated recruitment of epsin at high membrane
tension environment serves a biological purpose in clathrin-mediated endocytosis. Earlier works
from our lab and other groups have shown that membrane tension inhibits clathrin-mediated
endocytosis'?"2832 High membrane tension leads to the premature disassembly of CCSs and
prevent CCS transition from hemispherical dome to an omega-shaped pit ready for dynamin-
mediated scission and internalization. Using SIM-TIRFM, | visualized the formation of CCSs
and characterized them into abortive, productive and stalled structures based on their lifetime
and ability form hemispherical domes which appear as a ring shape in super-resolved SIM-TIRF
field. Cells overexpressing epsin had a high fraction of productive CCSs which successfully
internalize from the plasma membrane. Overexpression of epsin mutant without ENTH domain
also showed similar result leading me to conclude that ENTH is not necessary for epsin’s role in
stabilizing productive CCSs. However, removing the intrinsically disordered domain (IDP) from
epsin inhibited its recruitment to CCSs. Specifically, removal of adaptor protein 2 binding motif
containing region in epsin rendered it cytosolic. Together, my results support a model where the
ENTH and the unstructured IDP region of epsin have complementary roles in which ENTH
domain controls CME initiation and IDP region mediates CCS maturation under high tension
environments.
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5.3.1 Is stabilization of clathrin coat curvature controlled by multivalent interaction of

ENTH/ANTH proteins or steric repulsion of their disordered C-terminus domain?

Intrinsically disordered C-terminus region of epsin contains motifs for clathrin and AP2
binding which play a major role in recruitment of epsin to CCSs and providing stability to coat
assembly. We hypothesize that multiple endocytic binding sites in ENTH/ANTH proteins
interlink the endocytic machinery by acting like a tether creating multivalent interactions. At the
same time, steric repulsion created by IDP domains of ENTH/ANTH proteins can generate
membrane curvature?®, It is still not clear whether multivalent interactions or steric repulsion of

the C-terminus domain of the ENTH/ANTH protein leads to the stabilization of CCS curvature.

AP180, an ANTH family protein, possesses multiple clathrin, AP2 binding sites (binding
to both 02 and B2 appendages) distributed evenly in its structure, binds to PIP», and inserts an
Ho helix'®2, Each of the AP2 and clathrin interactions form a link that altogether enables
tethering. By generating mutants of AP180 by removing or replacing clathrin binding sites
(D[LI]F or DLL), binding sites to a2 appendage of AP2 (DP[FW]), binding sites to 2 appendage
of AP2 (D®[FW]), we can deduce the effect of multivalent interactions of AP180 to other
endocytic proteins and how it influences stability of CCSs. Further, by considering AP180
mutants without a functional ANTH domain such that it cannot bind to PIP2 nor create Ho helix
insertion, we can study how important these interactions are in stabilizing CCSs. We can
quantify the stability of CCS assembly by calculating the fraction of abortive and productive

CCSs in cells expressing this mutant.
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The role of IDP domain in stabilizing CCS can be determined by studying the
stabilization effect of ENTH/ANTH proteins of different hydrodynamic radius. Using an
empirical formula developed by Marsh et al, | determined the hydrodynamic radius (Rn) of epsin,
CALM and AP180 to be 66.6 A, 60.2 A and 78.7 A respectively??’. Hydrodynamic radius of a
disordered  protein  controls CALM Epsin AP180
occupancy in  3-dimensional
aqueous space and correlates
with the crowding effect of the
protein®® (Figure. 5.1). If steric

crowding by IDP domain

stabilizes clathrin coat curvature,
R, =60.2A R, =66.6 A

it should lead to more productive
IDP size

CCSs for AP180 followed by

) Figure. 5.1. IDP domains of ENTH/ANTH proteins.
epsin and then CALM based on

) ) ] Intrinsically disordered structures of epsin, CALM and
the size of their IDP domains.  Ap180 along with their estimated hydrodynamic radius

) o (Rn). The dashed circle shows the steric hindrance.
This can be shown by visualizing

the productive CCSs manifesting as rings in a SIM-TIRF field. However, we have to remove the
effects of multivalent interactions while studying the contribution of IDP size in curvature
stabilization. By generating mutants of epsin and CALM with added IDP regions without
endocytic binding sites, we can test the effect of IDP size on CCS stability independent of
multivalent interactions. A 199 amino acid long sequence taken from the IDP domain of CALM

(IDPA [440-638]) which contains no endocytic binding sites can be used as the IDP region to be
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added to generate these mutants. If the hypothesis of IDP size mediating CCS stability is correct,

the mutants should exhibit higher stabilization of CCSs than their parent proteins.

5.3.2 How does epsin reducing the fraction of short-lived CCPs affect downstream cell

signaling? a b

-CXCL12 + CXCL12 (15 min)

non-phosphorylated phosphorylated
KTR

Recruitment of epsin into
CCSs increases the lifetime of ﬁ""mmv

clathrin-coated pits by stabilizing
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epidermal growth factor (EGF)

o

bound to EGF receptor (EGFR) is 2.50% 5%

PEG hydrogel concentration

localized preferentially in short-

lived CCSs that correspond to Figure 5.2. Substrate stiffness regulate CXCR4

receptor mediated activation of ERK signaling.

clathrin-dependent EGFR ] ) o
a. Schematic of KTR for reporting the activation of ERK.

Signa|ingls5_ Phosphorylation of b. SUM159 breast cancer cells expressing ERK-KTR
seeded on 2.5% and 5% PEG hydrogels. Cells were
AKT induced by EGF was higher  activated using CXCL12 (50 nM, +15 min). c.
Quantification of ratio of cytoplasmic to nuclear
when CME was blocked by the  fluorescence intensity of ERK-KTR (N=10 cells for each
o condition). The error bars denote standard error. NS
loss of tumor suppressor and lipid  genotes not significant. *** represent p < 0.001.

phosphatase PTEN. My

preliminary investigation into chemokine receptor CXCR4 signaling in cells seeded on PEG
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hydrogels of different stiffness show activation of ERK signaling in low stiffness condition. I used
an ERK-kinase translocation reporter (KTR) which translocates from the nucleus to the cytosol
upon phosphorylation of ERK to assess the effect of substrate stiffness on CXCR4 signaling
(Figure 5.2a)?%!. Fluorescence images of the cells under CXCR4 activation showed clear
translocation of ERK-KTR in cells seeded 2.5% PEG hydrogel (Figure 5.2b). This was quantified
by calculating the ratio of fluorescence intensity of the reporter in the cytosol vs nucleus, The result
confirmed that CXCR4 activation leading to ERK signaling is mechanosensitive. Further, our lab
showed that clathrin knockdown decreases CXCR4 internalization and increases chemokine
CXCL12-induced ERK1/2 phosphorylation???. Together these findings lead to the question
whether rescue of clathrin-coated pit assembly by epsin affects downstream cell signaling or not.
We can assay the effect of epsin-mediated stabilization of CCSs on downstream signaling using
the ERK-KTR reporter and AKT-KTR reporter. We should expect downregulation of ERK
signaling and AKT signaling in cells overexpressing epsin upon activation by CXCL12 and EGF
respectively. This investigation will inform us whether activity of epsin counteracts the hyper

activation of AKT and ERK pathways that lead to tumor growth and metastasis®?2.

5.4 Chapter 4 summary and future directions

Influenza A viruses (IAVs) hijack CME to gain entry to cells. Membrane bending protein
epsin colocalize to IAV-containing CCSs and enabling IAV entry. Epsin interacts with
ubiquitinated surface receptors bound to IAVs via its ubiquitin interacting motifs (UIMs). CALM,
a structurally similar protein to epsin lacking UIMs, shows weaker recruitment to IAV containing
CCSs, confirming the role of UIMs in mediating recruitment of membrane bending proteins to
AV binding sites. Removal of ENTH domain of epsin reduces the affinity of epsin to AV binding
regions of the cell surface. Mutations in ENTH domain that prevent the formation of Ho helix also
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led to similar reduction in affinity of epsin to IAVs. Further bulk internalization of spherical IAVs
to RPE cells expressing aforementioned mutants were reduced compared to cells expressing full
length epsin. However, overexpression of full length epsin does not increase the internalization of
spherical IAVs. This led me to hypothesize that epsin with mutated Ho may still bind to 1AV bound
surface receptors using UIMs, but it cannot drive the generation of membrane curvature around
IAVs. Internalization of filament-forming 1AVs was not affected by the inhibition of Ho helix
formation in ENTH domain of epsin although these particles strongly recruited epsin. |
hypothesize that filament-forming IAVs may utilize the activity of other membrane curvature
generation proteins such as actin assembly to internalize using CME. Together, these findings

support the hypothesis that epsin plays a biomechanical role in viral entry of spherical 1AVs.
5.4.1 Role of IAV morphology in determining the endocytosis route for viral entry.

My investigation showed that
PLD2 GFP CTxB Alexa 647

Figure 5.3. Acute drop in membrane tension increasing expression level of epsin did
induces PLD2-mediated macropinocytosis.

merge

entry of filament-forming 1AVs did not

require membrane curvature detection

iso-osmotic

and generation mediated by ENTH

domain of epsin. However, it is clear that

filament-forming 1AV entry s

o
e
[S]
=
[2]
o
o
@
Q.
>
L

mechanically sensitive?°>?12,  Further,

C2C12 myoblasts expressing PLD2 GFP cells not affect the bulk 1AV uptake to cells.

before and after hyper-osmotic shock. Alexa 647-

) Studies from other groups showed that
CTxB label membrane ruffles in the cells.

filament-forming IAVs internalize via

macropinocytosis and their entry is mediated by their morphology and aspect ratio*®22*, This led
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me to hypothesize that IAVs utilize multiple modes of endocytosis for viral entry and the
morphology of IAVs may control which pathway IAV entry takes place. Recent findings by my
collaborators have pointed to the role of acute reduction plasma membrane tension that activates
phospholipase D2 (PLD2) which stimulates macropinocytosis®. Live-cell TIRF microscopy of
C2C12 myoblasts transiently expressing PLD2 GFP shows the activation of macropinocytosis in
plasma membrane regions with ruffling (labelled with CTxB) upon acute membrane tension drop
by hyper osmotic shock (Figure 5.3). Interestingly, binding of ENTH domain to epsin is shown to
reduce membrane tension®'®. Hence, future studies may focus on the mode of internalization of
IAVs based on their morphology using CME and PLD2-mediated macropinocytosis. | expect that
blocking one particular mechanism of endocytosis may lead to IAVs to switch to an alternate entry

mechanism depending on particle size and shape.
5.5 Conclusion and Perspective

Endocytosis has been studied in detail over the past half century *. However, a holistic view
into the mechanoregulation of endocytic process is only beginning to gain traction in the last
decade. Advances in light and electron microscopy with high spatiotemporal resolution and
micromechanical manipulation of cells have together pushed the technical capabilities to dissect
the mechanoregulation of endocytosis. Along with recent studies from other groups, content of
this thesis reveals endocytosis as a process heavily regulated by the mechanical properties of

plasma membrane, ECM and cargo!12°°1:122.189,

Emerging studies are beginning to quantify mechanochemical responses of endocytic
proteins during endocytosis?*6268213225 Newly discovered endocytic pathways, such as Fast

Endophilin-Mediated Endocytosis (FEME) and ultrafast endocytosis, may also be mechanisms
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that cells utilize to counter extreme changes in mechanical properties of cells and their
surroundings. Given the diverse mechanisms of endocytosis, an important question for future
research is to ask whether different endocytic pathways are differentially regulated by mechanical
stimuli. From what is currently known, it appears that an increase in membrane tension inhibits all
endocytosis. It would be illuminating to monitor two endocytic pathways simultaneously when
mechanically perturbed. Further, new knowledge on non-coated mechanosensitive endocytic
processes is poised to challenge the existing notions of protein specific membrane bending
mechanisms. Alternate mechanisms for membrane bending like steric repulsion by protein
crowding, cargo clustering will gain more prominence as a primary mechanism for membrane
sculpting. The physiological impact of mechanically regulated endocytosis will also be of
significant interest. In particular, many of the endocytic pathways have direct connections to cell
signaling pathways. Thus, it is conceivable that part of the mechanotransduction pathway is related
to the effect of mechanical stimuli on endocytosis. The plethora of mechanosensitive endocytic
processes available at the disposal of cells may point toward an evolutionarily conserved role of

endocytosis as a key mechanoregulator.

Organisms undergo and respond to a wide range of mechanical stimuli. Many of the disease
states are accompanied by changes in mechanical properties of cells and tissues. The ubiquitous
nature of endocytosis and the diverse range of mechanical stimuli in higher organisms pose a great
challenge in delineating their co-dependences across different organisms and different biological
processes. Current understanding of the mechanics of endocytosis is obtained exclusively from
single cell studies perform on two dimensional cultures. However, mechanical stimuli and
endocytosis play more complex roles in multicellular processes like embryo development,

angiogenesis, and neural plasticity. Exciting new advancements in microscopy like lattice light
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sheet microscopy will be instrumental in imaging endocytosis in living organisms beyond the
imaging depth of conventional microscopy. Advancements in imaging of endocytic processes in
higher-order organisms also call for a greater need in developing automated methods that can
simultaneously detect, track and analyze thousands of in vivo endocytic events in the midst of
interference from motion of organisms, background noise from tissues, and other artifacts.
Uncovering the interdependence of mechanical stimuli and endocytic pathways in these contexts
will require a combination of sophisticated imaging approaches, powerful analytic techniques and

novel tissue manipulation methods.
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