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Synopsis

The compartmentalized eukaryotic cells need an active exchange of macromolecules
between intracellular organelles to maintain homeostasis. A major proportion of the
macromolecular transport is achieved by vesicular traffic pathways in which contents from a
donor organelle are packed into a membrane-bound carrier that transports them to a specific
target organelle. Clathrin hexamers, composed of three heavy and three light chains, and its
accessory-proteins form a molecular scaffold that organizes and sculpts the membrane-bound
vesicles. Vesicles decorated with the clathrin-coat mediate transport from the plasma
membrane, the trans-Golgi network, and the endosomes.

Clathrin, the major component of these coated-carriers, does not interact with
membrane directly but is linked via a distinct set of adaptor proteins. Adaptors recognize
specific classes of membrane proteins; recruit and assemble clathrin on the membrane and
sculpt the planar plasma membrane into vesicles. High-resolution EM studies, fluorescent
imaging of events near the plasma membrane using TIRF, and biochemical reconstitution
have significantly clarified the process of formation of the clathrin-coated vesicle. Although
the individual activities of endocytic-proteins are well studied, how these protein come
together to orchestrate the process of vesicle formation is not completely understood. Also,
the dynamics of clathrin polymerization and its concomitant effect on membrane remodeling
remains unclear due to lack of temporal assays that follow adaptor mediated clathrin
assembly in real time. Moreover, mechanism and proteins involved in building clathrin-

coated carriers at intracellular organelles are still unclear.

Numb, an evolutionarily conserved cytosolic protein is essential for clathrin-mediated
transport of a class of receptors containing the FXNPXY sorting signal; notably Notch and
the cholesterol receptor NPC1L1. Numb is best studied in Drosophila development where it
was first identified as a mutation that caused severe defects in the sensory nervous and
muscular systems. Numb was later understood to work as an intrinsic cell-fate determinant by
regulating Notch receptor signaling. Numb has been implicated in changing receptor
distribution by participating in clathrin-mediated endocytosis through its interaction with AP-
2. Surprisingly the Numb mutant unable to bind AP-2 still functions in cell-fate
determination. Increasing experimental evidence also points to Numb’s involvement in the

endosomal sorting of receptors between the recycling and the degradative pathways.



However, what regulates Numb recruitment to different target organelles and the
mechanism of how it links the cargo-receptors to the clathrin-transport machinery is still

lacking.

Using a novel pull-down approach, this study aims to identify effectors of membrane-
bound Numb. Further, in conjunction with information from the analysis of membrane-

binding properties of Numb, this work attempts to reconstitute intrinsic functions of Numb.

Chapter 1 gives an introduction to various coated-vesicle transport pathways with a
focus on clathrin-coated vesicles (CCV). The mechanism of CCV formation at the plasma
membrane is described in detail along with the proteins involved in the process. Functions of
cargo-specific adaptor proteins along with their general domain-architectures are introduced.
Chapter 1 then focuses on the known roles of Numb, its biochemical properties and sub-

cellular localization highlighting the lack of a mechanism for Numb function.

Chapter 2 describes the use of SUPER templates as a tool to investigate the interactors
of membrane-bound proteins. SUPER templates consist of glass beads coated with lipid
bilayer made up of zwitterionic lipids along with a trace of chelating lipids. This acts as a
highly passive generic template to display any histidine-tagged bait protein of choice at
controlled densities enabling pull-down of its interacting-proteins. As a proof of principle, the
adaptor for ubiquitinylated receptors epsinl is displayed on SUPER templates and its
previously known interactions with endocytic proteins analyzed. Strikingly, display of
adaptor proteins on membrane-surface is found to enhance its ability to bind endocytic

proteins significantly.

Furthermore, this pull-down approach also reveals how competitive binding between
monomeric adaptors (epsinl and AP180), AP-2 (the central coordinator of CME), and
clathrin could possibly regulate the hierarchy of events in the formation of a clathrin-coated

vesicle.

Most importantly, pull-downs using SUPER templates uncover a previously unknown
direct physical interaction between Numb and purified clathrin.

Chapter 3 attempts to narrow down the clathrin-binding site/s on Numb using a
deletion-based approach. Screening of Numb deletions for the loss in clathrin-binding

complemented with the screening of the purified fragments of Numb for their sufficiency to



bind clathrin identified residue 355-554 (also known as the PRR) to independently define the

clathrin-binding site on Numb.

To better understand the significance of Numb-clathrin association in a cellular context,
effect of Numb PRR overexpression on transferrin uptake was studied. TfnR is the canonical
marker for clathrin-mediated transport. Overexpression of Numb PRR in Cos-7 cells was

found to hamper transferrin uptake.

How the cytosolic Numb is transiently recruited to a specific target organelle is not yet
understood. Chapter 4 focuses on the biochemical determinants of Numb-membrane
interaction. Using SMrTs as a membrane template that mimics distinct topological stages
encountered during formation of a clathrin-coated vesicle, Numb is found to bind membranes
containing anionic phospholipid PIP, or the cargo of Numb-NPC1L1. Mode of recruitment
seemed to affect the organization of Numb with the protein showing curvature-dependent

binding in the presence of PIP,.

Interestingly, upon membrane-binding, Numb was found to spontaneously arrange in
distinct scaffolds. Moreover, Numb scaffolds were membrane-active and were seen to
constrict the underlying membrane tube. Comparison with other adaptors revealed the Numb

PTB to mediate oligomerization and membrane-remodeling.

Chapter 5 describes the use of SMrTs to visualize the dynamics of Numb-mediated
clathrin assembly using fluorescently labeled Numb and native clathrin. Numb scaffolds
directed clathrin assembly to regions of tube constriction. Similar to other CLASPs, clathrin
preferentially assembled in curvature-dependent manner. Analysis of real-time clathrin
assembly revealed that the Kinetics of clathrin-polymerization by Numb matched the

previously reported rates with other monomeric adaptors.

Taken together, these results redefine Numb as a clathrin-interacting and membrane-
remodeling adaptor protein. The contribution of Numb’s ability to self-assemble, remodel

membranes, and bind clathrin to its cellular function is however still unclear.
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Introduction
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In eukaryotic cells, proteins and lipids are actively transported along the endocytic and
the secretory pathways as well as between intracellular membrane-bound organelles. A large
proportion of this transport activity is accomplished through mechanisms collectively referred
to as ‘membrane traffic,” a process in which part of the delimiting membrane and lumenal
contents of a donor organelle are transferred to an acceptor organelle. The most-well studied
carrier vesicles that travel on these traffic pathways are those that are clearly identifiable by
their coats made of either clathrin and its accessory proteins or of coatamer-COPI and COPI|I
(Fig 1.1). Clathrin triskelia, made up of identical 3 heavy chains (192kDa) and 3 light chains
(22— 28kDa) has the property of self-assembly to form cage- or basket-like structures which
form a lattice-like coat on and around membranes. The best-studied role of clathrin is in

generating coated-vesicles at the plasma membrane along with the TGN and endosomes (Fig
1.1).

Plasma membrane

R
\ —

®)
TGN Late endo/

lysosome
O
%:ﬁ Golgi stack | ~jathrin \
(——— 38
e AP-2
Intermediate ~ ® AP-3
compartment o AP-4
e AP-5
e TSET
oo Alternative adaptor:
Q © COPI
ER e COPII

Fig 1.1 Cartoon representation of a few of the various coat components, including adaptors, at different

Early/recyc
endosome

cellular organelles (Adapted from Robinson 2004).
1.1 Mechanism of formation of clathrin-coated vesicles

EM-based studies along with fluorescence-based imaging of endocytic events near the
cell surface have elucidated the mechanism of formation of CCV'?. The initiation of a

clathrin-coated vesicle occurs randomly when endocytic coat proteins from the cytosol start
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to cluster on the inner leaflet of the plasma membrane. These proteins recruit and concentrate
cargo molecules to the coated region of the plasma membrane. The cluster of endocytic
proteins acts as a nucleation-point and marks the site of a nascent clathrin-coated pit which is
then joined by accessory and regulatory components that further stabilize the pit. The
assembling coat promotes membrane bending, an energetically unfavourable process, which
transforms the flat plasma membrane into a curved clathrin-coated pit’. Actin polymerization
also cooperates with the coat to promote membrane sculpting. The neck connecting the CCP
to the donor membrane is then acted upon by scission proteins that constrict and cut the neck
to release the clathrin-coated vesicle from the plasma membrane. Once released, a dedicated
set of proteins (including Hsc 70 and auxilin) disassemble the endocytic coat releasing the
cargo-filled vesicle to traffic along the cell (Fig 1.2 A)>. Although many of the proteins
involved in CME have been characterized in detail and their individual activities
documented, how these proteins cooperate in the cell to form the endocytic machinery that
functions in a precise manner to package a wide variety of cargoes into vesicles and how this

process responds to environmental cues to maintain cellular homeostasis is still unclear.

The rate of clathrin self-assembly is very slow under physiological conditions, and
therefore additional factors called adaptor proteins are required to promote clathrin assembly
in vivo. Adaptor proteins bind lipids, sort cargo by recognizing specific sorting motifs on
receptors and induce clathrin polymerization around the membrane. Heterotetrameric AP-2 is
the central adaptor that acts as a hub to initiate and co-ordinate CCV formation at the plasma
membrane. AP-2 is the major component of purified clathrin-coated vesicles, second in
abundance only to clathrin itself*. It has been shown to have binding sites not only for
clathrin and cargo proteins but a battery of other endocytic adaptor and accessory proteins>.
Other monomeric adaptors or CLASPs (Clathrin Associated Sorting Proteins) including
Epsin, AP180/CALM, Hipl, Dab2, B-arrestin and ARH have all been shown to recognize
specific receptors, bind PIP,, clathrin and AP-2 (Fig 1.2B)*°. The prevailing model for
CME proposes that AP-2 initiates and co-ordinates CCP formation as well as polymerizes the
clathrin-coat, while the monomeric CLASPs act as an extended linker to recruit various cargo
receptors to the clathrin-coated pit. Contrary to this model however endocytosis of LDL and
EGF receptors remain unaffected in AP-2 depleted cells suggesting AP-2 may not be
imperative for formation of clathrin-coated vesicles, but that it is one of several endocytic
adaptors required for the uptake of specific cargo receptors including the transferrin

receptor'*2.
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Fig 1.2 Canonical model of CME. (A) Schematic illustrating the stages of CCV formation along with relative
temporal order of recruitment of different endocytic protein modules (Adapted from®) (B) Domain architecture

of monomeric CLASPs (Epsin,AP180, Dab2 and B-arrestin) highlighting the structure of their membrane-
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associating domains and the multiple endocytic protein binding motifs displayed on the unstructured C-

terminus®.

Unlike clathrin-coated vesicles that aid endocytosis at the plasma membrane, formation
of clathrin-scaffolded carriers at the TGN and endosomes are less-understood. Adaptors
involved in promoting clathrin-assembly at the intracellular organelles include AP-1, AP-3
and GGA *'*15 Both TGN and endosomes serve as cellular sorting stations where vesicles
containing distinct cargo diverge and travel retrograde to several target membranes'®'’.
Polarized sorting, essential to maintain different plasma membrane domains with distinct
protein compositions that are a hallmark of epithelial and neuronal cells, is also mediated by

cargo-sorting by adaptor proteins that work at recycling endosomes and/or the TGN*".

One of the proteins involved in clathrin-mediated transport of cargo containing the
FXNPXY sorting motif from the plasma membrane and polarized sorting at the endosomes is
Numb.

1.2 Role of Numb in clathrin-mediated traffic

Numb facilitates clathrin-mediated trafficking of several transmembrane receptors
including Notch, the cholesterol receptor NPC1L1, E-cadherin, B-integrin, amyloid precursor
protein (APP), EAAT3 and ERBB®%*. Numb function is best-studied in Drosophila where it
(dNumb) was initially discovered as a mutation that removed most of the sensory neurons in
the developing peripheral nervous system®. Further studies revealed that Numb functions as
an intrinsic cell fate determinant by asymmetrically partitioning during mitosis of neuronal
precursor cells. In the Numb-enriched cell, Numb physically interacts with and antagonizes
Notch receptor signalling thereby conferring alternative developmental fates on the resulting
daughter cells®>?. Similar functions for mammalian Numb have been suggested since the
ectopically expressed mammalian Numb is also asymmetrically segregated and rescues the
Numb mutant phenotype in Drosophila. Numb acts as an almost dedicated adaptor that binds
and causes clathrin-mediated internalization of the cholesterol receptor (NPC1L1) to facilitate

cholesterol-uptake'®?’,

Although Numb is ubiquitously expressed it is found to be relatively enriched in lung
and kidney tissues®®. Alternative splicing gives rise to 4 isoforms of Numb, that vary in their
PTB and the PRR domains® (Fig 1.3A), and are thought to have distinct functions®”°. The

PTB domain at the N-terminus specifically recognizes membrane lipids and cargo receptors
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while the C-terminus contains DPF (AP-2-associating) and NPF (Eps15 and EHD-binding)
motifs (Fig 1.3B)?°. Numb also contains a central proline rich region (PRR) that is similar to
the proline rich domain (PRD) and is thought to associate with SH3-containing proteins’.
Sub-cellular imaging indicates Numb is majorly cytosolic but gets dynamically localized to
clathrin-coated structures at the plasma membrane as well as several organelles along the
endocytic pathway?**°.

A 1 33-185 332 555 578 592

G

DPF: AP2-binding

PRR

NPF: Eps15-binding

B
Numb{PT8 T
p72 PRR
Numb—]{] [FT8}—+ g 042
p71 PRR
Numb _JPTB Y/\ i 604
p66 PRR
Numb _1 (578l /\ p 593
T T
p65 PRR

Fig 1.3 Domain organization of Numb (A) Representation of domain architecture of Numb (p65) (Schematic

by Thomas Pucadyil) (B) Splice variants of Numb (Reproduced from %)

While clear experimental evidence indicates that Numb induces endocytosis of
NPCL1L1, integrin and EAATS3 in a clathrin and AP-2-dependent manner depositing these at
the early endosomes, the contribution of Numb to the regulation of Notch distribution is still
unclear. Interestingly, imaging of fluorescently-tagged Numb in Drosophila revealed that
Numb is dispensable for internalization of Notch but functions by co-accumulating with
Notch (and Spdo) in sub-apical endosomes and inhibiting Notch recycling back to the plasma
membrane *. Cellular studies tracking localisation of surface-labelled Notch indicates Numb
promotes post-endocytic degradation of Notch®***. Remarkably, the regulation of Notch
distribution by Numb is independent of its ability to bind AP-2%. Studies from C.elegans
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demonstrate that Numb inhibits receptor recycling by interfering with the lipid composition
of the recycling endosomes®. A similar mechanism has also been proposed for Numb-
mediated inhibition of ERBB signalling that is essential for proper proliferation of
cardiomyocytes 2.

Together, based on the biochemistry and cellular localization studies, Numb can be
proposed to influence the sub-cellular distribution of cargo receptors by two distinct
mechanisms- 1) Promote clathrin-mediated endocytosis of receptors, 2) Inhibit recycling of
receptors to the plasma membrane or aid in their degradation. However, the biochemistry,
protein interactome, and the intrinsic properties of Numb that contribute to clathrin-mediated

traffic and its participation in building a CCV are still unclear.

The work described here aims to better understand intrinsic functions of Numb by
employing a pull-down based approach to identify interactors of membrane-displayed Numb

in conjunction with a microscopy-based assay to recreate these interactions on membranes.
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Chapter 2

A sensitive and versatile membrane
template to analyze protein-protein
Interactions identifies Numb directly

binds clathrin
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2.1 Introduction

One approach to delineate the role of Numb in clathrin-coated vesicle formation is to
characterize the interacting-partners of Numb. Protein-protein interactions are generally
studied using pull-downs that are conventionally carried out with His- or GST-tagged bait
proteins bound to sepharose beads that display Nitrilotriacetic acid (NTA) or glutathione
(GSH) moieties, respectively. However, such matrices necessitate saturation with high bait
density and tend to exhibit a high degree of non-specific binding. Also, the variation in
surface densities of NTA and GSH moieties leads to uncontrolled concentration of bait
proteins displayed on them. Importantly, these matrices do not allow pull-down of protein-
protein interactions on a membrane surface. This is particularly relevant to endocytic protein
interactions that are on their own weak but are stabilised when networked together on a
membrane surface ¥"*®. Liposome-floatation assays have been used to identify effectors of
membrane-bound proteins *°. However, these suffer from the inability to wash unbound
proteins that leads to high background binding. Additionally, high-speed spins are required to

separate protein-bound liposomes, which may interfere with the bound proteins.

To circumvent these issues and fish for effectors of membrane-bound Numb, a novel
pull-down method consisting of lipid bilayer-coated silica beads (SUPER templates) is

employed here.
Materials and methods
2.2.1 Cloning, protein expression, and purification

Rat epsinl (088339:Isoform 1), mouse Dab2 (UNIPROT ID P98078: Isoform p96), human
ARH (UNIPROT ID Q5SW96) and mouse AP180 (UNIPROT ID Q61548: Isoform short),
human Numb (UNIPROT ID P49757: Isoform 4) were cloned as N-terminal 6xHis and C-
terminal Strepll-tag fusions. Residues 584-951 of the human AP-231 (UNIPROT ID P63010:
Isoform 2) were cloned as N-terminal 6xHis-mEGFP and C-terminal Strepll tag fusions
(Pucadyil and Holkar, 2016). GST-a adaptin-ear (residue 670-977) was a kind gift from
Linton Traub. All clones were generated using PCR-based seamless cloning “° and confirmed
by sequencing. Proteins were expressed in BL21(DE3) in autoinduction medium
(Formedium, UK) at 18°C for 30-36 h. Bacterial cells were pelleted and stored at -40°C. For
purification, the frozen bacterial pellet was resuspended in buffer containing 20mM HEPES
pH 7.4, 150mM NaCl (HBS), supplemented with protease inhibitor cocktail (Roche). After
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resuspention, the cells were lysed by sonication in an ice water bath. Lysate was spun down
at 18,5009 for 30 mins and the supernatant was incubated with His-Pur™ Cobalt resin
(Thermo Scientific) for 1 hour at 4°C. The supernatant along with the resin was then poured
in PD-10 column, and the resin was washed with 100 ml of HBS to get rid of non-specifically
bound proteins. Protein was eluted using 20mM HEPES, 150mM NaCl, 250mM Imidazole
pH7.4 containing buffer. Elution was applied to a 5 ml Streptactin column (GE Lifesciences),
washed with HBS to get rid of non-specifically bound proteins. Protein was eluted using
20mM HEPES pH7.4, 150mM NaCl, 1ImM DTT buffer containing 2.5mM desthiobiotin
(Sigma). Purification using such tandem affinity ensures full-length and pure preparation of
protein (Holkar et al., 2015). For long-term storage proteins were stored in 20mM HEPES
pH7.4, 150mM NaCl supplemented with 10% glycerol, flash frozen in liquid nitrogen and
stored at -80°C.

Clathrin heavy chain (Origene plasmid- SC125754) was cloned in pET15b with a C-terminal
Strepll tag and expressed in BL21(DE3) using autoinduction medium (18°C, 36 hours).
Bacterial cells were pelleted and resuspended in buffer containing 20mM HEPES pH 7.4,
150mM NaCl (HBS), supplemented with protease inhibitor cocktail (Roche). Cells were
lysed by sonication in an ice water bath. Lysate was spun down at 18,500g for 30 mins. The
supernatant was frozen with 10% glycerol. For use in SUPER template pull-down assays, the
supernatant was freshly diluted by 50-fold (50 fold dilution was found to match the amount

of clathrin detected in 1 mg/ml of brain cytosol).

2.2.2 SUPER (Supported Bilayer with Excess Reservoir) templates

SUPER templates were made as described previously*’. Briefly, DOPC, DOPS (15mol%)
and chelating lipid (DGSNTA(Ni?")) (5 mol%) stocks were aliquoted in a clean glass tube,
dried in vacuum and hydrated with de-ionzed water (Avanti Polar Lipids). To make small
unilamellar vesicles (SUVs) hydrated lipids were sonicated with a probe sonicator at a low-
amplitude setting in an ice-water bath. The samples were centrifuged at 100,000 g at room
temperature and the supernatant containing SUVs was collected. 10 pl of silica beads (5.3 pm
diameter; Corpuscular Inc.) were added to a premixed solution of SUVs (200uM) in 1M
NaCl in a 1.5 ml clear polypropylene centrifuge tube. The reaction was incubated for 30 min
at room temperature and mixed intermittently (by tapping). The templates thus formed were

washed three times with 1 ml of de-ionized water by a low-speed spin (120 g, 2 min) in a
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swinging bucket rotor at room temperature. 100 pl volume of solution was left behind after

each wash to prevent drying of templates.
2.2.3 Pull-downs assays

Chelating lipid-containing SUPER templates were incubated with 1uM, 500 ul of purified
bait proteins for 30 mins at RT. Templates were then washed (3*1ml HBS) by spinning at
low-speed in a swinging-bucket rotor (120 g, 2 min). For pull-down of interacting partners,
templates displaying bait protein were incubated with goat brain cytosol or bacterial
(BL21DE3) lysate overexpressing CHC for 30 mins at RT. Templates were again washed
(3*1ml HBS) to remove unbound proteins. 100 pl HBS was left behind after each wash to
prevent templates from drying. The pellet after the last wash was re-suspended in 50 pl of 1x
Laemmli’s buffer, bolied at 99°C for 10 mins. The samples were resolved on 10% SDS-

PAGE. Bound proteins were analyzed using immunoblotting.

For western blotting analysis, the gels were transferred onto PVDF. The membrane was
incubated with blocking buffer (5% skimmed milk made in TBST) for 1 hour at room
temperature. The membrane was then incubated with primary antibody diluted in the
blocking buffer for 3 hours at RT. Subsequently the membrane was washed with TBST and
incubated with suitable HRP-conjugated secondary antibody diluted in blocking buffer for 1
hour at RT. The blot was washed with TBST and developed with chemiluminescent substrate

(WestPico, Thermo) and imaged in G:Box (Syngene).
2.2.4 Fluorescence imaging

MEGFP-coated resins were added to BSA-coated LabTek chambers (Thermo Fisher) and
imaged using an Olympus IX71 inverted microscope through a 100X, 1.4 NA oil-immersion
objective. Fluorescent probes were excited with an LED light source (Thorlabs), and
fluorescence emission was collected through single-band pass filters (Semrock) with
excitation/emission wavelength bandpasses of 482+35 nm/536 + 40 nm for mEGFP on an
Evolve 512 EMCCD camera (Photometrics). Image acquisition was managed by the
MetaMorph soft-ware (Molecular Devices).

2.3 Results
2.3.1 Supported bilayers with Excess Reservoir: A passive template to pull-down

interactors of membrane-bound proteins
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In order to map effectors of membrane-displayed Numb, SUPER (Supported bilayer
with Excess Reservoir) is used as the membrane template. SUPER templates are silica beads
coated with a lipid bilayer containing an excess reservoir formed by high ionic strength aided
fusion of liposomes onto the negatively charged bead surface (Fig 2.1 A) *?. These silica-bead
containing templates can be readily sedimented by low-speed spin allowing washing to
remove unbound proteins during a pull-down. Here SUPER templates are adapted for use as
a pull-down matrix by the inclusion of small amounts of chelating lipid (CL, Fig 2.1 B) that
allows display of any desired histidine-tagged bait protein (Fig 2.1 B). Protein-coated
templates form the bait to pull-down interactors from tissue extract (Fig 2.1 C). SUPER
templates thus made showed negligible background binding when bare templates were

incubated with brain cytosol (data not shown) emphasizing their passivity.

SUPER templates were made as described previously **. Briefly, the following steps were

followed to prepare SUPER templates:

e DOPC, DOPS (15mol%) and chelating lipid (DGSNTA(Ni2+)) (5 mol%) stocks were
aliquoted in a clean glass tube, dried in vacuum and hydrated with de-ionzed water
(Avanti Polar Lipids)

e The hydrated lipids were sonicated with a probe sonicator at a low-amplitude setting
in an ice-water bath in order to make small unilamellar vesicles (SUVs). The samples
were centrifuged at 100,000 g at room temperature and the supernatant containing
SUVs was collected

e 10 pl of silica beads (5.3 um diameter; Corpuscular Inc.) were added to a premixed
solution of SUVs (200uM) in 1M NaCl in a 1.5 ml clear polypropylene centrifuge
tube

e The reaction was incubated for 30 min at room temperature and mixed intermittently
(by tapping)

e The templates thus formed were washed three times with 1 ml of de-ionized water by
a low-speed spin (120 g, 2 min) in a swinging bucket rotor at room temperature

e 100 pl volume of solution was left behind after each wash to prevent drying of

templates

Stability of these modified SUPER templates against protein-induced perturbation was tested

using a sedimentation assay*’. Briefly, an aliquot of templates containing trace amount (1

25



mol%) of fluorescent lipid analog RhPE was gently added to tubes containing increasing
amount of brain cytosol. In a separate reaction, the total lipid concentration on the templates
was estimated by measuring the fluorescence released by adding templates to buffer
containing 0.1% Triton X-100. The reactions were incubated for 20 min at room temperature
and subjected to a low-speed spin. Membrane released in presence of cytosol was analysed
by measuring the RhPE fluorescence in the supernatent (normalized to total lipid
fluorescence). Interestingly, inclusion of CL drastically reduced membrane-release in
sedimentation assay (as compared to templates made of only DOPC) (Fig 2.1 D red trace),

indicating the templates to be stable matrices suitable for pull-down of interacting proteins.
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Figure 2.1 Chelator lipid-containing SUPER templates. (A) Schematic showing formation of SUPER
(Suppoted bilayers with excess reservoir) by high ionic strength aided fusion of liposomes onto the silica bead.
(B) Structure of the commercially available chelator lipid (DGSNTA(Ni?*), Avanti). SUPERs formed with
liposomes containing CL allow display of any desired His-tagged bait protein. (C) Bait-coated SUPER

templates incubated with cytosol to pull-down potential interactors (D) SUPERs formed with CL are stable in
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the presence of cytosol indicating that they could act as suitable matrices for the pull down of interacting
proteins. Total represents membrane released upon solublization with 0.1% Triton X-100. Data for (D) from

Apoorva Bhapkar. Schematics prepared by Thomas Pucadyil.
2.3.2 Validation of SUPER template-based pull-down by epsinl-clathrin interaction

Epsin is a monomeric adaptor protein that manages trafficking of ubiquitinylated cargo
and is essential for clathrin-mediated endocytosis . Epsinl has a structured N-terminal
ENTH domain that recognizes cargo and PIP,, and an unstructured C-terminal tail that brings
together endocytic proteins including AP-2, Eps15 and clathrin (Fig 2.2A). Epsinl-clathrin
interaction is well studied and is mediated by two separate sites present on the unstructured
C-terminal tail-1) a membrane proximal (CBS1: 257LMDLAD) and 2) a distal (CBS2:
480LVDLD) site (Fig 2.2A)**. In order to validate the use of SUPER templates as a pull-
down matrix epsinl displayed on SUPER templates was tested for its ability to bring down
clathrin specifically from a complex mixture of cytosolic proteins. Purified epsinl, its CBS
mutants (ACBS1, ACBS2, and ACBS null) and GFP (negative control) served as bait proteins
(See methods section 2.2.1 for details on purification). Equal amounts of these Histidine-
tagged bait proteins were added to SUPER templates following which templates were washed
to remove excess unbound bait and incubated with brain cytosol. Templates were washed,
resuspended in Laemmli’s buffer, and resolved on an 8 % SDS-PAGE. Bound clathrin was
blotted using an antibody against clathrin heavy chain. As compared to wild-type epsinl,
CBS mutants show almost negligible binding to clathrin (Fig 2.2B). Purified Histidine-tagged
GFP when used as dummy bait also shows no interaction with clathrin (Fig 2.2C). Apart from
the prominent 180 kDa clathrin band, epsinl also specifically pulled-down AP-2 (confirmed
using an antibody against the AP-2 o subunit). Together these results establish SUPER
template-based pull-down as a method to analyse protein-protein interactions. Of note, the
coomassie gel for SUPER template pull-downs showed a prominent non-specific 50kDa
band. Mass spectrometric analysis revealed tubulin to be the most abundant protein in this
band which was further confirmed using immunoblotting (with an anti B-tubulin antibody,
DSHB clone E7) (data not shown).
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Fig 2.2 Analyzing adaptor-clathrin interactions. (A) Schematic showing epsinl domain architecture. UIM-
ubiquitin interacting motifs, CBS-clathrin binding sites (Adapted from *) (B) epsin1 shows efficient pull down
of clathrin, a known binding partner. Interaction is direct since clathrin-binding site (CBS) mutants of epsin
show reduced interaction with clathrin (data from Rashim Malhotra). (C) Dummy bait GFP used as a negative

control shows no interaction with clathrin. (Anti clathrin antibody-Ab 24578)

2.3.3 Membrane-bound epsinl on SUPER templates is more efficient in clathrin pull-

down

In order to compare SUPER template-based pull-down assays to conventional methods,
epsinl was displayed on HisPur™ Cobalt resin and analysed for its ability to bind clathrin
from brain cytosol. The difference in density of bait-binding sites between the two matrices

was first estimated by saturating them with histidine-tagged mEGFP (Fig 2.3 A). Ratio of
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fluorescence intensity to bead area shows that SUPER templates have 50-fold lower binding
to GFP (Fig 2.3B). Despite this difference, when equal amount of epsinl was displayed on
the two matrices, SUPER templates showed dramatically higher clathrin binding (Fig 2.3C)
(Note-Volume of saturated Cobalt resin was adjusted to match the amount of epsinl
displayed on SUPER templates). A possible explanation for this difference could be
inaccessibility of the clathrin-binding sites on the epsinl C-terminal tail when displayed at a
very high density on a saturated HisPur™ Cobalt resin surface. To test this SUPER templates
were modified by using liposomes of increasing chelating lipid (DGSNTA(Ni*"))
concentration, leading to a concomitant increase in the bait density as seen by the rising GFP
fluorescence/bead area ratio (Fig 2.3 D). There was however, no change in clathrin binding
indicating that the inefficiency of epsinl displayed on HisPur™ in clathrin recruitment is
unlikely due to inaccessibility of clathrin-binding sites (Fig 2.3 D).

Apart from clathrin, epsinl also specifically associated with AP-2 in SUPER-template
pull-down assays. AP-2 is known to bind eight separate sites on epsinl “®. Surprisingly, on
comparing AP-2-epsinl association when epsinl was displayed on either HisPur™ Cobalt
resin or SUPER templates, it was seen that epsinl displayed on SUPER templates was more
efficient in AP-2 pull-down (Fig 2.3 E).
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Fig 2.3 SUPER templates outperform conventional resins in pull-down experiments. (A) HisPur  Cobalt
resin and SUPER templates containing CL saturated with His-tagged GFP. (B) SUPER templates display 50-

™ ™
fold lower binding to His-GFP than HisPur  but show more pull-down of clathrin than HisPur  (C). (D)
Increasing the epsinl density on SUPER does not affect clathrin pull-down. (E) Epsinl displayed on SUPER

™
templates, as compared to HisPur , also shows better binding to AP-2. Data (A) and analysis (B) by Thomas

Pucadyil.

2.3.4 SUPER template pull-down reveals adaptors exist as separate complexes with
clathrin and AP-2

Clathrin adaptors often harbour binding motifs for multiple partners on their
unstructured C-terminal tail (Fig 1.2B) making simultaneous existence of these interactions
unlikely. However, such an arrangement could impart directionality to a maturing clathrin-
coated vesicle based on the affinities and local concentrations of the interacting partners.
Epsinl has eight AP-2 and two clathrin binding sites adjacent to each other ***®. To test how
AP-2 influences the epsinl-clathrin complex, binding assays were carried out with purified,
full-length epsinl displayed on SUPER templates and brain extract containing extrinsically
added, purified AP-2 a-appendage (AP-2-a). Indeed increasing recruitment of AP-2-o (Fig
2.4A) caused a concomitant inhibition in clathrin binding (Fig 2.4B). Curiously, AP180 (that
harbours two a-appendage and eight clathrin binding sites) showed a loss in clathrin binding
in presence of much higher concentration of the a-appendage (Fig 2.4E). Notably, it was also
seen that extrinsically added a-appendage displaces the bound endogenous AP-2 from these
adaptors (Fig 2.4C, F). Together these results reveal the competitive association of clathrin

and AP2 with adaptor C-terminal tails.
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Fig 2.4 Competition assays reveal the nature of clathrin-adaptor interactions. Binding of epsinl (A, B, C)
and AP180 (D, E, F) to the a-adaptin domain of the heterotetrameric adaptor AP-2 and the concomitant
inhibition in clathrin binding indicating that epsinl and AP180 exist as mutually exclusive complexes with
clathrin and AP-2. (Anti AP-2 o antibody-BD Bioscience 610502).

2.3.5 SUPER template pull-down uncovers direct interaction between Numb and
clathrin

To delineate the role of Numb in clathrin-coated vesicle formation, SUPER template-
based pull-down was used to detect a possible interaction between purified full-length Numb
and clathrin heavy chain (CHC was recombinantly-expressed in BL21DE3 and prepared as
described in Methods 2.2.1). Remarkably, SUPER templates displaying Numb showed direct
binding with clathrin heavy chain. Purified GFP and the known clathrin-interactor AP-2-
(ear+appendage domain)*’ were used as controls (Fig 2.5A). Surprisingly SUPER templates
displaying Numb upon incubation with brain cytosol showed negligible interaction with
clathrin (Fig 2.5B). In contrast, other PTB-family adaptors (ARH, Dab2) could pull-down
recombinantly-expressed clathrin heavy chain as well as native clathrin from brain cytosol
(Fig 2.5C) ®°. Of note, Numb also specifically bound purified, native clathrin from bovine
brain tissue (described in Fig 4.1). These results could point to a potential cellular-regulation

of the Numb-clathrin interaction.

Pull-downs from brain cytosol detected a very strong association of Numb with AP-2,
the central regulator of CME, as reported previously”® (Fig 2.5D). Experiments with AP180
and epsinl suggest competitive binding of AP2 and clathrin to these adaptors (Fig 2.4). To
test if AP-2 similarly regulates Numb-clathrin interaction, SUPER templates displaying

Numb were incubated with a mixture of clathrin heavy chain and AP-2-a. Indeed binding of
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AP-2-a completely inhibited Numb’s association with clathrin in a dose-dependent manner
(Fig 2.5E).
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Fig 2.5 Numb interacts directly with clathrin. SUPER templates displaying bait proteins were incubated with
recombinantly expressed clathrin heavy chain (1/50 fold dilution) or brain cytosol (1mg/ml). Bound proteins
were analysed using immunoblotting. (A) Western blot showing direct binding of Numb to clathrin heavy chain.
GFP shows negligible binding to clathrin while AP-2-p, the known clathrin-interactor serves as positive control.
(B) Numb-clathrin binding is inhibited in brain cytosol; unlike the other PTB-family adaptors Dab2 and ARH

(C). (D) Numb strongly associates with AP-2 from brain cytosol (E) Association of Numb to the o-adaptin

domain of AP-2 causes inhibition in clathrin binding
2.3.6 Discussion

SUPER templates have been described earlier as a tool to analyse membrane budding
and fission reactions which are facilitated by presence of the membrane reservoir*. Here
SUPER templates are presented as a passive, sensitive and versatile matrix that allows
analysis of protein-protein interactions of any membrane-localized bait. As compared to

traditional resins, the amount of bait protein required in a SUPER template-pull-down is
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drastically lower. Comparative analysis of clathrin pull-down abilities of epsinl displayed on
SUPER templates and HisPur™ Cobalt resin reveal SUPER templates to be a more efficient
pull-down-matrix for adaptor-clathrin interactions. Experimental evidence suggests that ease
of membrane budding, driven by membrane tension, determines the likelihood of clathrin
polymerization where high membrane-tension completely inhibits polymerization®.
Reconstitution of clathrin assembly on membranes with purified adaptor proteins shows that
a pre-curved membrane greatly facilitates clathrin-polymerization™®. It is tempting to
speculate that the differences in the amount of clathrin pulled-down by epsinl displayed on
HisPur™ Cobalt resin and SUPER templates could be a reflection of clathrin polymerizing
into pit-like structures, and not just binding, by adaptors displayed on the SUPER template

membrane surface.

Pull-downs with purified adaptors (epsinl and AP180), a-appendage and recombinantly
expressed clathrin reveal how association with AP-2 could inhibit adaptor-clathrin binding.
Like epsinl and AP180, other monomeric clathrin-adaptors generally harbour multiple short,
linear motifs on their unstructured C-terminal tail that recruit endocytic proteins (See Fig
1.2B). Similarly, the heterotetrameric adaptor AP-2, that functions to orchestrate molecular
interactions in CME, can bind numerous accessory proteins via the two sites present on the a
and B-appendage domains >*°. Such closely placed binding sites, that are often found to be
overlapping, would sterically hinder simultaneous existence of these interactions. Although
not tested with purified full-length proteins, indirect evidence for such a model comes from
pull-downs with B-arrestin, an adaptor for internalization of GPCRs, where a mutant that is
unable to bind AP-2 results in better clathrin pull-down. Similarly, association of p -
appendage with clathrin leads to a reduction in the binding of endocytic accessory proteins
(including AP180, amphiphysin, B-arrestin). Such competitive binding of accessory proteins
driven by relative affinities is thought to ensure the directionality of a maturing clathrin-
coated pit. It has been suggested that adaptor proteins may swap from an AP-2 appendage

centric-hub to a clathrin centric-hub as the coated-pit matures>.

Pull-downs using SUPER templates uncovered a direct interaction between Numb and
clathrin heavy chain. Of note, the amino-acid sequence of Numb contains none of the
canonical clathrin-binding motifs®*. Pull-downs with purified Numb, a-appendage and
recombinantly expressed clathrin also reveal that AP-2 association inhibits Numb-clathrin
interaction. Moreover, the interaction between clathrin and Numb is supressed in brain

cytosol. Of note, Numb also specifically bound purified, native clathrin from bovine brain
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tissue (discussed in Fig 4.1). In contrast, other PTB-domain containing adaptors interact with
both purified clathrin heavy chain as well as clathrin present in brain cytosol. One potential
explanation is that additional binding partners may inhibit Numb-clathrin association either
by steric hindrance or by affecting a conformational change in Numb. Among proteins
involved in clathrin-mediated endocytosis, AP-2 and Eps15 are the known Numb-interactors.
While association with AP-2 is necessary for Numb to traffic receptors such as EAAT-3 and
NPC1L1"?% a mutant of Numb unable to bind AP-2 is functionally active in cell-fate
determination®. Recently phosphorylation of Numb has been reported to dynamically
regulate the Numb-AP-2 interaction as well as localization of Numb **°%. Phosphorylation of
Numb by AAK1 dramatically changes its localization from plasma membrane to perinuclear
endosomes®. Such regulations on the localization of Numb could also potentially affect its
binding to clathrin in cells.
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Chapter 3

Identifying the clathrin-binding

determinants on Numb
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3.1 Introduction

Fine mapping of the clathrin-binding sites from a number of adaptor proteins has helped
define the clathrin-binding motif (CBM) to be a short linear arrangement of amino acids that
fit to the consensus motif pLOpdp where L is leucine, ® denotes a bulky hydrophobic
residue, p denotes a polar residue. Although identification of such motifs has helped delineate
clathrin-assembling activity in proteins involved in vesicular traffic (for e.g. GGA proteins),
the predictive power of this consensus sequence is limited. A number of variants to the CBM
have now been identified in various clathrin adaptors, including the PWDLW sequence in
mammalian amphyphysin®. Furthermore, motifs that conform to the CBM do not always
represent a function clathrin-binding site®™. For example, crystallographic analysis of AP180
shows that the canonical CBMs lie buried deep within a highly ordered structure and are
unlikely to be accessible for interaction with clathrin®. Instead, AP180 was found to contain
multiple copies of DLL, a more degenerate version of the canonical CBM, on the
unstructured C-terminal tail. However, deletions of DLL motifs had little effect on clathrin
binding. Later studies revealed the LDSSLA[S/NJLVGNLGI sequence to be the major
clathrin interaction site in AP180 and CALM. Strikingly, the minimum clathrin binding
region on ARH is defined by the stretch between amino acids 180 to 308 &, Similarly, the C-
terminal tail of synaptojanin, a polyphosphoinositide phosphatase, binds clathrin directly

despite the absence of the consensus CBMs °’.

To identify the clathrin binding attributes on Numb a series of deletions spanning the entire

length of Numb were generated and systematically screened.
3.2 Methods
3.2.1 Cloning, expression and purification

Sequential deletion constructs of Numb (isoform 4, Uniprot 1D:P49757) cloned with 6xHis
and Strepll tags at the N and C terminii, respectively (Fig 3.1A) were generated. Numb
fragments (residues 448-473, 545-594, 346-575 and 335-554) that represent potential
clathrin-binding stretches were cloned downstream of GFP with 6xHis and Strepl| tags at the
N and C terminii, respectively. GFP-Numb335-554 was cloned in pcDNA3 for expression in
mammalian cells. GST-clathrin terminal domain was a kind gift from Linton Traub. All

constructs were generated by PCR-based cloning and confirmed by sequencing. All proteins
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with N-terminal His-tag and C-terminal Strepll tag were purified as described in Methods
2.2.1. GST-clathrin terminal domain (GST-CTD) was expressed and the supernatant prepared
as described in Methods 2.2.1. The supernatant was bound to Glutathione Sepharose 4B resin
(Thermo), washed and eluted in 50 mM Tris, 15 mM Glutathione, pH 8.0. The purified GST-
CTD was dialyzed against HKS and flash frozen with 10% glycerol.

3.2.2 Dot-blot assay

Aliquots (200 ul) of purified proteins (1uM) were spotted on a nitrocellulose membranes
using a 96 well dot-blot array system (Whatman) according to manufacturer’s instructions.
The membrane was then blocked with 5% skim milk in assay buffer (HKS + 0.1% Tween)
for 1 hour at RT and incubated with 1 uM GST-CTD prepared in assay buffer for 1 hour at
RT. Subsequently, the membrane was washed 3 times with assay buffer and incubated with
anti-CHC antibody (Ab 24578 ) prepared in 5% skim milk in assay buffer for 3 hours at RT.
Following washes, the membrane was incubated with HRP-conjugated anti-mouse secondary
antibody (Jackson 115-035-003) for 1 hour at RT and subsequently probed for bound

terminal-domain using a chemiluminescent substrate (West Pico, Thermo).

3.2.3 Pull-down assay
See Methods section 2.2.3 for details.
3.2.4 Cell culture and transfections

Cos7 cells were grown and maintained in DMEM medium (Thermo) supplemented with 10%
FBS (Thermo) containing 100 U/mL penicillin and streptomycin (Thermo) in a humidified
CO; incubator maintained at 5% CO, and 37°C.

Cells at 60-70% confluency were transfected with plasmids expressing either GFP-Numbsss.
ss4 Or GFP using Lipofectamine 2000 (Sigma). Briefly, Lipofectamine 2000 (1.5 ul) and
plasmid DNA (1 ug) was added to Optimem (Thermo) and incubated at RT for 20 mins.
Subsequently the growth medium was replaced with the Optimem mixture. After 4 hours,

cells were replated on 40mm glass-coverslips for subsequent live-cell imaging experiments.
3.2.5 Transferrin-uptake assay

Cos7 cells transfected with either GFP-Numbsssss4 or GFP were grown on 40 mm glass

cover-slips. After 36 hours, growth medium was replaced with serum free DMEM and kept
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for 2 hours. The coverslip was then assembled in a flow cell (FCS2, Bioptechs) and incubated
with 10 pg/ml Alexa594-conjugated human transferrin (Invitrogen) in serum free DMEM for
15 min at 37°C to allow for internalization. Cells were washed with Hanks balanced salt
solution (HBSS) and subsequently imaged. To quantitate uptake, transferrin fluorescence was
collected and normalized to the area of the cell. Normalized transferrin fluorescence from

cells transfected with GFP-Numbsss.ss54, GFP, and untransfected cells was compared.
3.2.6 Fluorescence imaging

Cells were imaged on an Olympus 1X83 inverted microscope equipped with a 100x, 1.4 NA
oil-immersion objective. Fluorescent probes were excited with a stable LED light source
(CoolLED pE-4000) and fluorescence emission was collected through filters with
excitation/emission wavelength band passes of 472 £ 15 nm/520 + 15 nm for GFP and 624 +
20 nm/ 692 £ 20 nm for Alexa594 mCherry probes simultaneously on an Evolve 512

EMCCD camera (Photometrics). Image acquisition was controlled by Micro-Manager **°.

3.3 Results
3.3.1 Numb interacts with clathrin via the proline-rich region

Conventionally, CBMs are determined by generating a GST-tagged fragment library of an
adaptor, where each fragment is tested for its ability to bind the clathrin terminal domain
(CTD) or full-length clathrin #*®°_ To determine the clathrin binding region on Numb, a C-
terminal deletion library that retained the PTB was generated (Fig 3.1A) and purified using
tandem affinity chromatography (See Methods 2.2.1). These deletions were first tested for
binding the clathrin terminal domain (CTD) using a rapid and facile dot blot assay. A
peptide-overlay assay, similar to the dot-blot assay described here, was previously used to
map clathrin-binding sites on AP180 and CALM®"®?, Briefly, equal amounts of each deletion
construct was spotted on a nitrocellulose sheet, incubated with 1uM of the CTD and probed
for retained CTD using immunoblotting (See Methods 3.2.2). The PTB domain displayed
negligible binding (Fig. 3.1B, C), thus served as a control in these experiments. Importantly,
the dot blot assay identified 3 deletions (A347-575, A545-592 and A448-473), which showed
significant defects in CTD binding compared to full length Numb (Fig 3.1C, red bars).
Interestingly, 2 deletions (A184-347 and A497-522) bound CTD significantly better than full-
length Numb (Fig. 3.1 B, C).
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Figure 3.1 A dot-blot screen to identify clathrin-binding attributes on Numb (A) A schematic of Numb
deletion constructs. Dotted lines represent the missing stretch in each construct with numbers on the left
indicating the residues deleted in each construct. (B) A representative dot-blot with the indicated deletion
constructs incubated with clathrin CTD and immunoblotted with anti-CHC antibody. (C) Quantitation of CTD-

binding seen with each deletion construct (N=5). Data is normalized to CTD-binding seen with full-length
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Numb (FL, dotted line) and represented as box and whisker plot (whiskers represent minimum and maximum
values). The constructs showing significant reduction in CTD-binding are highlighted in red. Significance

calculated using Mann-Whitney's test.

Despite its utility, the dot-blot assay produced variable results (Fig. 3.1B,C) and could have
suffered from low signal-to-noise since the CTD, unlike clathrin, does not self-assemble into
lattices. In addition, proteins spotted on nitrocellulose may be organized differently from
membrane-bound adaptors. Thus, deletions that showed significant loss in CTD-binding were
further tested for clathrin binding when displayed on SUPER templates. Surprisingly, only
the longest deletion construct (A347-575) showed complete loss while the shorter deletions
(A448-473 and A545-592) showed marginal loss in clathrin binding (Fig 3.2A) and could

possibly indicating presence of multiple clathrin-interacting regions.

Conversely, to test if these regions independently define a clathrin-binding motif, they
were cloned out and placed downstream of GFP and tested in SUPER template pull down
assays (See Methods 3.2.1). Indeed, the region between 347-575 as well as a shorter region
335-554 that falls in between the two AP2-interacting DPF motifs (Fig. 3.2D) recruited
clathrin to almost equivalent levels as seen with full-length protein, while residues 448-473
and 545-592 displayed weak binding to clathrin (Fig 3.2 B,C). The region between the two
DPFs (335-554) on Numb refered to as the proline-rich region (PRR) %, coincides with the
region that binds clathrin (Fig. 3.2D). Together, these results define the clathrin binding site
on Numb to be located on the PRR and suggest the possibility that this region harbors
multiple clathrin binding sites of weak affinities that come together in the full-length protein
and facilitate high avidity interaction with clathrin. Of note, this region was still unable to

bind clathrin in brain-extract, possibly due steric interference by the other binding partners.
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Figure 3.2 Numb PRR independently interacts with CHC (A) Western blot showing CHC-recruited by
different deletions of Numb. A347-575 shows complete loss in CHC-binding. (B) Deleted residues from (A)

were tested for their ability to independently bind CHC. Numbs,;.575 displays most efficient binding to CHC. (C)

The region between the two DPFs, Numb 335554 defined as the PRR is sufficient to interact with CHC. (D)

Sequence of Numb (isoform 4). PRR is marked in red. DPF sites that link Numb and AP-2 are marked in green.

3.3.2 Overexpression of Numb PRR perturbs transferrin trafficking
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Overexpression of the clathrin-binding domains of several adaptors has been reported to
act as dominant-negative to CME by sequestering clathrin and AP-2°%*. To analyze the
significance of the Numb-clathrin interaction, trafficking of the transferrin receptor (TfR), a
model cargo for CME, was analyzed in COS-7 cells overexpressing GFP-tagged Numb PRR.
TfR is endocytosed by clathrin-mediated pathways and subsequently enters the early
endosomes. From the early endosomes, it is transported back to the cell surface via the fast,
Rab4a-dependent and the slow, Rab4b-dependent recycling pathways. Both the Rab4b and
Rab4a recruit clathrin via AP1 and GGA3 to facilitate recycling ®®. The bulk of TfR at

steady-state is localized in recycling endosomes and thus marks this compartment.

To monitor effects on transferrin uptake, cells were serum starved and incubated with
fluorescently-labeled human transferrin (See Methods 3.2.5) for 15 mins, washed and then
imaged. Compared to non-transfected cells that showed intense signal at the perinuclear
recycling endosome compartment, cells expressing GFP-Numb PRR showed dramatically
reduced uptake of fluorescent transferrin (Fig 3.3A). Quantitation across multiple cells and
experiments revealed that transfected cells showed ~50% lower fluorescent transferrin signal
compared to non-transfected cells (Fig. 3.3B). Previous results indicate that overexpression of
the Numb 335-554 (PRR) inhibits CME in cells, although mechanisms that cause this effect
have remained unexplained®. Considering that both the early endosomes and the plasma
membrane recruit clathrin from a common cytosolic pool, these results may indeed be
explained by depletion of clathrin due its binding to Numb PRR. The possibility that Numb
PRR may be recruiting additional factors integral to vesicle-transport remains.
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Figure 3.3 Overexpression of Numb-clathrin binding domain impairs transferrin trafficking (A)
Epifluorescence images of transferrin uptake in COS-7 cells expressing GFP-Numbasssss. (B) Transferrin

intensity per pm® from (A) N=3, n>30. Significance calculated using Mann Whitney’s test.
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3.4 Discussion

A combination of dot-blot assay and pull-downs with membrane-displayed deletions of
Numb described here identified Numb PRR (Numb 335-554) to be integral for clathrin-
binding. Numb PRR on its own is sufficient to interact with clathrin. Further, two separate
deletions (A448-473, A545-592) spanning the PRR region show a significant loss in CTD-
binding in the dot-blot assay. Surprisingly, both A448-473 and A545-592 are not defective in
binding clathrin heavy chain in a SUPER template pull-down (Fig 3.2A). Both these regions
when cloned out individually and tested in pull-down assays display weak binding to clathrin
heavy chain. Almost all of the adaptors known till date need multiple CBM to polymerize
clathrin effectively. It is indeed surprising that narrowing down the Numb PRR to pin down
the CBM/s did not yield conclusive results (Fig 3.1, 3.2). While CBMs of most adaptors are
on their own sufficient to bind clathrin, some adaptors need larger portions of their C-
terminal tails to assemble clathrin effectively. Adaptor-protein ARH, responsible for
endocytosis of LDLR (low-density lipoprotein receptor), needs the residues between the
region 180-308 on its C-terminal tail for efficient clathrin-binding 8. The C-terminal ~16 kDa
sub-domain in AP180 (which has relatively high similarity with CALM) has been reported to
mediate clathrin-assembly; while mutations in the DLL/DLF motifs have negligible effect on

clathrin binding ability ®.

Curiously, overexpression of the fragment of Numb PRR in COS-7 cells showed a
block in transferrin-uptake. Similar overexpression of several endocytic-adaptors have been
reported to act as dominant negative to clathrin-mediated endocytosis, presumably by
sequestering essential coat components. Overexpression Numbsss.ssq4 leading to a block in
transferrin uptake may be explained by several mechanisms- 1) block in endocytosis of
transferrin due to depletion of clathrin, 2) block in recycling of TfnR from the recycling
endosomes, and 3) inhibition in endocytosis of transferrin due to TfnR receptor being
accumulated in the recycling endosomes. Interestingly, a recent study identified that Numb
PRR recruits the small GTPase Rab7 to the early endosomes®!. Rab7 acts as a switch that

promotes early to late endosomal transformation®”®®

and the early endosomes are enlarged in
absence of Rab7. Indeed the inhibiton of transferrin uptake upon Numb PRR overexpression
could also be a consequence of sequestration of Rab7. Independently, in order to test if
overexpression of Numb PRR causes a block in CME by sequestering clathrin, surface

densities of clathrin-coated pits can be analysed.
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Recently, Numb isoform that vary in the PRR (p66 and p72) were seen to regulate the
balance between receptor recycling and degradation from the early endosomes, presumably
by recruiting different partners ®°. Indeed, it would be of interest to analyse if the Numb-
clathrin interaction is conserved between the different Numb isoforms.
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Chapter 4

Determinants of membrane-binding
and the membrane-active nature of
Numb
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4.1 Introduction

Clathrin-mediated endocytosis is the central pathway that mediates transport of cargo
proteins from cell surface to the interior, clathrin being the key player °. However, clathrin
does not bind directly to the membrane or the cargo receptors and relies on cargo-adaptor
proteins for its recruitment 3. These adaptor proteins are also cytosolic and are transiently
recruited to the target membrane either by binding to a specific phospholipid or the cytosolic
cargo-tail*2. Anionic phosphoinositide PIP, that is enriched at the plasma membrane has been
thought to aid the recruitment of AP-2, as well as other monomeric adaptor proteins.
Depletion of PIP, from the plasma membrane leads to a loss of clathrin-coated pits and
dissociation of adaptor proteins from the membrane’®. Similarly, deletion of sorting motifs
from cytosolic domains of several transmembrane cargo receptors has been shown to hamper
their endocytosis. Thus, the coincident detection of specific phospholipid and the cognate

cytosolic cargo-tail is required for recruitment of adaptor proteins to their target membranes.

Numb directly binds cargo proteins containing the conserved NPxY motif. Positively
charged residues in the PTB domain of Numb are thought to mediate its recruitment to
negatively charged membranes. Pull-down using SUPER templates described here report a
direct interaction between Numb and clathrin (See Fig 2.5). To visualize the process of
Numb-mediated clathrin assembly on membranes, factors to recruit Numb onto the
membranes are first determined. To this end, cargo and lipid-binding properties of Numb are

employed to aid its recruitment onto the membranes.
4.2 Methods
4.2.1 Cloning, protein expression, and purification

Human Numb (Isoform 4, Open Biosystems plasmid # 5217787) was cloned into pET15B
with N-terminal 6xHis-tag and C-terminal Strepll tag. 6xHis-TEV-Numb-mEGFP-Strepll
was generated by inserting mEGFP between Numb and Strepll. Numb-mEGFP-Strepll was
made by deleting 6XHis and TEV from 6xHis-TEV-Numb-mEGFP-Strepll. Numb PTB
(residues 1-183) was generated by deleting the C-terminal tail. PTB Swap was made by
inserting Dab2 PTB (P98078: Isoform p96) in place of Numb PTB. 6X-His-TEV-NPC1L1 C-
tail (1266-1332)-Strepll was generated by cloning the cytosolic domain of NPC1L1 (Open
Biosystems clone MHS6278-211691094) with 6xHis and Strepll tags at the N- and C-
terminii. Mouse Dab2 (P98078: Isoform p96) was also cloned with 6xHis and Strepll tags at
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the N- and C-terminii. All constructs were generated by PCR-based seamless cloning and
confirmed by sequencing. All proteins were recombinantly expressed and purified as
described in Methods 2.2.1. NPC1L1 (1266-1332) was expressed in BL21(DE3) and protein
expression was induced by 0.1mM IPTG, at room temperature for 3 hours. The lysate was
incubated at 75°C for 30 mins, cooled rapidly and centrifuged. The protein in the supernatant

was purified by affinity chromatography using the 6xHis and Strepl| tags.

For long-term storage (3 months) proteins were stored in buffer (20mM HEPES pH7.4,
150mM NaCl, ImM DTT, 10% glycerol), flash frozen in liquid nitrogen and stored at -80°C.

4.2.2 Lipid dot blot

Stocks of all lipids were reconstituted in choloform to the final concentration of 1 mM. 1 nm
of each of the lipid was spotted onto nitrocellulose membrane and incubated with blocking
buffer (3% fatty-acid free BSA in 20 mM HEPES-KOH, pH 7.4, 150 mM KCL) for 1hr at
room temperature. Numb (1 uM) was added to the blocking buffer and incubated at RT for 3
hours followed by washing with HKS. Blot was immersed in 1pg/ml of Streptavidin-Alexasss
conjugate prepared in HKS and incubated for an hour with gentle shaking followed by
washes with HKS. The images were captured using green filters on LAS-4000 (GE).
Intensity of bound Numb for each lipid was calculated by placing an ROI on the signal.
Background intensity was subtracted from fluorescence intensity for each lipid. To obtain the
relative binding of Numb to lipids, all the intensities were normalized to the lipid with the

highest intensity.
4.2.3 SMrT templates

SMrTs were prepared as described earlier’®. Briefly, lipid stocks (Avanti Polar Lipids) were
aliquoted into glass vials in required proportions, diluted to a final concentration of 1 mM
total lipid in chloroform and stored at -80 °C. p-Texas Red-DHPE isomer was separated from
a mixed isomer stock of Texas Red DHPE (Invitrogen) using thin layer chromatography on
silica gel plates (Sigma) against 100% methanol as described earlier . Lipid stocks were
brought to room temperature before use. A small aliquot (~1-5 nmol total lipid) was spread
on a freshly cleaned PEGylated coverslip and kept under high vacuum for 5 min to remove
all traces of chloroform. A ~35 ul flow cell (Bioptechs) was assembled by placing a 0.1 mm
silicone spacer between the PEGylated coverslip and an 1TO-coated slide. The flow cell was

filled with filtered and degassed HKS left undisturbed for 10 min at room temperature.
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Supported membrane tubes (SMrT) were created by extrusion of the large vesicles, formed
during hydration, to narrow membrane tubes by flowing excess HKS at high (~30 mm/s
particle velocity inside the chamber) flow rates. SMrT templates were judged ready for
experiments when the entire membrane reservoir was extruded into tubes that remained

pinned at discrete sites to the surface.

All lipid mixes are made with DOPC, DOPS and para-TexasRed DHPE (79:15:1 mol%)
along with the addition of either DOPIP, or DGSNTA(Ni?*) (both at 5mol%).

4.2.4 Fluorescence imaging

Fluorescence imaging was carried using an Olympus IX71 inverted microscope through a
100X, 1.4 NA oil-immersion objective. LED light source (Thorlabs) was used to excite
fluorescent probes, and emitted fluorescence collected using single-band pass filters
(Semrock) with excitation/emission wavelength bandpasses of 482+35 nm/536 + 40 nm for
MEGFP, 562+40 nm/624+40nm for Texas Red, and 628+40 nm/692+40nm for DiD probes on
an Evolve 512 EMCCD camera (Photometrics). Image acquisition was managed by the

MetaMorph soft-ware (Molecular Devices).
4.3.5 Image analysis

Image analysis was carried out using Fiji '*. Statistical analysis was carried out using

Graphpad prism (version 5.0a).

4.3 Results
4.3.1 Characterization of Numb-lipid binding

To recreate the process of Numb-mediated clathrin assembly on membrane surface,
determinants of Numb-membrane recruitment were first analysed. To this end, intrinsic lipid-
binding preferences of Numb were tested using a fat-blot assay. Recombinantly expressed
full-length Numb was purified using the N-terminal 6xHis and C-terminal Strepll tags. Of
note, unlike the other clathrin adaptors purified using tandem affinity-tag method, Numb
purified in association with lower molecular degradation products (data not shown). Inclusion
of high salt washes prior to elution from the Stepactin column eliminated these degradation
products (Fig 4.1A). To test for lipid-specificity, equal amounts of various phospholipids
were spotted on a nitrocellulose membrane, blocked with 3% BSA and incubated with

purified Numb. Protein binding was detected using fluorescently-tagged streptavidin that
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bound the Strepll tag (Fig 4.1B). Biotinylated PE served as control showing maximum
binding to streptavidin. Numb promiscuously associated with all acidic-phospholipids
showing only marginally higher binding to PI3P (Fig 4.1C). This is in agreement with
liposome sedimentation assays done with the PTB domain of Numb . Phosphatidylinositol
4,5-bisphosphate (PIP,), the central regulator of CME enriched on the plasma membrane, is

chosen to study Numb function of membranes.
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Figure 4.1 Numb binds acidic phospholipids (A) 10% coomassie-stained SDS PAGE gel of Numb purified
using affinity chromatography (B) Representative image of fat blot showing Numb binding to an array of
phospholipids. Fluorescently-labelled streptavidin that recognizes Strepll tag was used to report Numb binding

(C) Quantitation of fat blot (N=3) showing relative binding of Numb to various lipids.
4.3.2 SMrTs mimic topological intermediates in clathrin-coated vesicle formation

Molecules involved in making a clathrin-coated vesicle sample a large range of
membrane curvatures, starting from a relatively planar donor-membrane which is reshaped
into a shallow pit and then a highly-curved bud that remains connected to the donor

membrane via a thin neck. SMrTs *>'®

consisting of a planar bilayer and membrane-tubes
displaying a wide range of radii mimic distinct topological stages of a maturing CCV (Fig 4.2
A). In addition, given that the tubes sizes are diffraction-limited, changes in tube fluorescence
directly correlate to changes in tube dimensions’’. Sizes of membrane tubes can therefore be
arrived at from their fluorescence intensities by an in situ calibration method as described

earlier® and typically fall from 10-50 nm of radius. Briefly, images of the Supported Lipid
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Bilayer (SLB) for each SMrT experiment were acquired and background corrected.
Integrated fluorescence intensity (IFI) was estimated in various regions of interest (ROIs) of
different sizes placed on SLB. Calibration constant (K1, slope of the graph) was estimated
by plotting IFI of different ROIs against their respective areas. Images of tubes were
background corrected; integrated fluorescence intensity (IFI) was estimated by placing ROIs
of length (I) on different tubes. Next, IFI of tube was converted into membrane area by
dividing it by K1, this membrane area was converted to tube radius (r) using equation r =
membrane area (2r*1)™. A scaling factor was generated to equate maximum pixel intensity on
the tube to its radius. In order to do this maximum pixel intensity along the tube was plotted
against its radius (r) to get second calibration constant (K2) (slope of the plot). Radius of the

tube can now be obtained by dividing maximum pixel intensity on the tube by K2 (Fig 1B).

Adaptor proteins often recognize their target membrane by detection of both, a specific

87 In order to recruit Numb, SMrTs are

lipid and membrane-associated proteins
functionalized by the inclusion of a small amount of the acidic phospholipid PIP, (5mol%).
SMrTs are made as described in Methods 4.2.3. Using PLCSPH, a PIP, specific marker™,
PIP, distribution on supported lipid bilayers (SLB) and tubes was found to be uniform (Fig
4.2 B and C). Apart from PIP,, Numb also associates with membranes by recognizing
specific motifs on cytosolic domains of trans-membrane receptor proteins. The cholesterol
receptor NPC1L1 is the well-studied cargo for Numb and contains the characterized Numb-
binding motif *°

tail (residue number 1266-1332) of the cholesterol receptor NPC1L1 fused to a hexahistidine

in its cytosolic domain. A minimal cargo mimic designed using the cytosolic
tag was therefore used to facilitate Numb recruitment (Fig 4.2 D) (referred to as NPC1L11266-

1332) for simplicity). SMrTs were doped with chelating lipid (5mol% DGS NTA(Ni?") to
facilitate display of NPC1L1(1266-1332).
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Figure 4.2 Supported membrane tube (SMrT) represent varying membrane curvatures found during
CCV formation (A) Schematic of SMrT Template assay. Supported lipid bilayer (SLB) mimics planar bilayer
found at the start of forming a CCP while tubes mimic bud/curved intermediates of a maturing CCP (Adapted

from "% (B) Schematic of tube radius estimation. (C) Representative fluorescence micrographs showing
distribution of MEGFP-PLCJPH on SLBs and tubes. (D) Analysis of protein to membrane fluorescence

ratio from (C) shows equal mEGFP-PLCJPH densities on SLB and tubes. Number of tubes ans SLbs

analysed are indicated on the top of each dataset. (E) Schematic of the cholesterol receptor NPC1L1
(Reproduced from *°) and the design for mimic of Numb’s cargo-the transmembrane receptor NPC1L1

cytosolic domain fused to N-terminal hexahistidine tag.
4.3.3 Cargo and lipid-aided organization of Numb on membrane

To visualize membrane-binding, the C-terminus of Numb was fused to mEGFP. C-
terminally tagged Numb is reported to be functionally active in cell-fate determination in
drosophila embryos®. Purified Numb-mEGFP was incubated with SMrTs containing PIP,,
Within minutes, Numb-mEGFP bound and coated the membrane tubes. Surprisingly, Numb
showed negligible binding to the planar SLBs (Fig 4.3A, D), suggesting an intrinsic
preference for PIP,.mediated binding to regions of high membrane-curvature. Moreover,
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Numb fluorescence was non-uniform and arranged as discernible, separate clusters. This is in
clear contrast to PIP,-recurited PLCSPH which uniformly coats membrane tubes and SLBs
(Fig 4.2B). Notably, not all tubes showed non-uniformed, clustered Numb-mEGFP
distribution, a phenomenon that was found to be a function of starting tube dimension (as
described in 4.3.4).

Numb also bound to membranes displaying NPC1L1 (12¢6-1332) (Fig 4.3B). Briefly,
SMrTs containing chelating lipid were incubated with purified NPC1L1 (1266-1332). TO avoid it
from binding Numb-mEGFP in solution, excess unbound NPC1L1 (1266-1332) Was first washed
and then Numb-mEGFP was flowed-in, incubated and imaged. Surprisingly, curvature
dependent binding was over-ridden when NPC1L1 was used to recruit Numb, and clusters of
protein were seen on both SLB and tubes (Fig 4.3B, D). Of note, the clusters on tubes were

not as tight as those observed with PIP,-recruited Numb.

Numb recruitment is completely dependent on the presence of either PIP, or NPC1L1
(1266-1332) With no protein binding observed on templates containing just DOPC and DOPS (Fig
4.3C).
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Figure 4.3 Mode of recruitment dictates Numb organization on membranes (A) Numb-mEGFP shows
curvature dependent-binding to SLB and tubes containing PIP, (5mol%) and is organized as distinct clusters on
tubes. (B) NPC1L1 recruits Numb-mEGFP to SLB as well as tubes. Numb-mEGFP organised as distinct
clusters on both SLB and tubes (C) Numb does not bind membranes in absence of NPC1L1 or PIP,. Scale bar
Sum (D) Quantitation of (A) and (B), significance calculated using Mann Whitney’s test. Number of tubes ans

SLbs analysed are indicated on the top of each dataset. Scale bar-5um.
4.3.4 Numb oligomerization drives membrane-remodeling

Interestingly, the tube underneath Numb clusters showed dramatic membrane
remodeling with regions of alternating high and low membrane fluorescence (Fig 4.4A). The
fluorescence intensity profile of one such single tube reveals that regions of high Numb-
MEGFP intensity coincide with regions of low membrane intensity suggesting that Numb
clusters constrict the underlying tube. Epsinl, clathrin adaptor reported to bind PI1P, with high
affinity, coated all tubes uniformly and did not lead to changes in tube fluorescence (Fig
4.4B). Pull-down-based studies suggest that Numb can dimerize?*. The clustered, non-

uniform distribution may be indeed be a reflection of higher-order oligomers of Numb.

The ability of Numb to form oligomers seem to be dependent on the initial tubes
diameter with tubes of higher membrane florescence intensity showing uniform Numb-
mEGFP distribution and no membrane remodeling events (Fig 4.4C). In order to
systematically analyse such a co-relation, the coefficient of variance (COV) of Numb-
MEGFP, an indicator of the extent of clustering, was plotted against starting tube radius (Fig
4.4D). Tubes higher than 20 nm in radius displayed a steep drop in COV values. Similarly,
the probability of tube constriction when plotted against the starting tube radius (Fig 4.4E)
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also shows a sharp decline after 20 nm of tube-radius. Together these results suggest that- 1)
Size of the membrane tube determines organization of Numb with tubes less than 40nm in
diameter showing clustered Numb distribution, 2) Formation of Numb-clusters in-turn leads
to tube-constriction. Such a size threshold could possibly indicate limitations on oligomeric-
arrangement of Numb. More importantly, these results establish the ability of Numb to sense
as well as generate curvature. As noted earlier NPC1L1 (1266-1332)-recruited Numb did not
show such tightly clustered distribution and produced very faint constrictions on tubes
(compare tubes in Fig 4.3 A and B). As the cargo would place Numb farther from the
membrane, this difference could possibly reflect differences in the organization of Numb

dependent on its proximity from the membrane.
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Figure 4.4 Numb oligomers are membrane-active (A) Numb-mEGFP is organized as clusters on tubes

containing PIP,. Membrane underneath clusters is constricted (low tube fluorescence). (B) In contrast epsinl, a
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previously reported adaptor that binds PIP, with high affinity, coats tubes uniformly. (C) Two types of tubes
seen-thin tubes with Numb clusters that coincide with constrictions and wide tubes with uniform Numb
distribution that show no membrane-remodeling. (D) Scatter plot showing COV (ability of Numb to form
clusters) is dependent on starting tube radius with. Number of tubes analysed are indicated on the top of each
dataset. (E) Ability to form clusters in turn dictates probability of constriction. Scale bars-5um. n=70 tubes from

2 independent experiments are analysed.
4.3.5 Oligomerization is an intrinsic ability of Numb

Binding to specific lipids has been shown to promote membrane-remodeling activity in
proteinS. However, Numb’s tendency to oligomerize and remodel tubes appears to be
independent of PIP, since Numb recruited via its N-terminal hexahistidine tag to chelating
lipid containing membranes also showed similar organization. While purified mEGFP
uniformly painted SLBs as well as tubes (Fig 4.5A and D top panels, line profile in B and E),
Numb-mEGFP showed distinct clusters on membranes (Fig 4.5A and D bottom panels, line
profile in C and F). Tubes showed regions of constrictions co-localizing with Numb
oligomers (Fig 4.5 D bottom panel, line profile in F). To understand how Numb organizes as
clusters 200nM Numb-mEGFP was flowed in on SMrTs containing chelating lipids and
imaged in real time. Upon recruitment, Numb-mEGFP distribution was initially uniform and
started to show separate clusters in about two minutes with distinct punctae of protein built
within 10 minutes (Fig 4.5G); possibly indicating that membrane-localization increases the

local concentration of protein facilitating self-organization to form scaffolds.

Recruitment of Numb via N-terminus hexahistidine tag mimics the native orientation of
Numb relative to the membrane. Such organization of artificially recruited Numb emphasizes
its intrinsic tendency to oligomerize. Furthermore, chelating lipid-based protein recruitment
ensures similar membrane densities allowing comparison of membrane organization and

clathrin-assembly properties of Numb with other adaptors
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Figure 4.5 Numb has an intrinsic tendency to oligomerize (A) Numb-mEGFP is non-uniformly organized
into clusters on SLBs containing CL (5 mol%) (line profile in C) while GFP (top panel) uniformly paints SLBs
(line profile in B). (D)Array of tubes containing CL (5 mol%) displaying Numb-mEGFP (bottom panel, line
profile in (F)) or GFP (top panel, line profile in E). (G) Time lapse showing formation of Numb-mEGFP

clusters on tubes.
4.3.6 Numb PTB domain is sufficient to form clusters

ARH, Dab2 and Numb constitute the PTB-domain containing CLASPs (Clathrin-Associated
Sorting Proteins). To investigate the mechanism of Numb-mediated membrane-remodeling,
purified Numb and Dab2 were artificially recruited to membranes, thereby allowing their
display at equal protein densities, and compared for their abilities to remodel membranes.
While Numb produced the signature dramatic constrictions; Dab2 caused no change in
membrane fluorescence. Further, since Numb engages with membranes via the PTB domain,
purified Numb-PTB was tested and found to be sufficient to cause constrictions on membrane
tubes. Moreover, replacing the PTB domain in full-length Numb by the Dab2 PTB (PTB
Swap) impaired this property of tube-constriction (Fig 4.6A). Extent of membrane-
remodeling for all the proteins was quantified using the COV of tube-fluorescence (Fig 4.6
B). To visualise the protein-organisation on membranes Fluorescently labelled PTB domain
was used. Like full-length Numb, PTB domain was arranged as clusters on SLB and tubes.

The constrictions on tubes co-localized with clusters of Numb-PTB (Fig 4.6C).

Interestingly, as compared to the full length Numb, the PTB domain formed much smaller
clusters and constrictions. Of interest, excessive labeling of cysteine residues with Alsgg-
maleimide was found to hamper oligomerization and membrane-remodeling activities of the
PTB domain. The degree of labeling was therefore restricted to only 10% of the protein
concentration. Location of critical cysteine residue/s could possibly point to the

oligomerization interface on the PTB domain.
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Together these results establish that the PTB domain of Numb is sufficient to form

oligomers that lead to membrane-remodeling.
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Figure 4.6 Oligomerization is the function of the Numb PTB (A) Comparison of effect of equally recruited
Dab2 and Numb on membrane tubes highlighting membrane-active property of Numb (Top two panels). Numb
PTB alone is able to constrict membrane tubes (third panel). Replacing PTB domain of Numb with Dab2 PTB
impairs its ability to remodel membranes (bottom panel). (B) COV of membrane fluorescence of all constructs
shown in A. (C) Alsgg Maleimide-Numb PTB forms distinct cluster on SLB and tubes. All proteins (200nM)

recruited by their N-terminal hexahistidine-tag.
Discussion

The peripheral membrane-bound protein Numb localizes to both the clathrin-coated

structures at the plasma membrane *° and perinuclear endosomes?*3

, although is precise role
in regulating receptor traffic from these compartments is unclear. Target-membrane
recognition by Numb is at-least in-part determined by specific binding to phospholipids™ and
cargo-receptors. Here, using these determinants, Numb was recruited to membrane using
either PIP, or the cargo mimic NPC1L11266.1332. The mode of recruitment highlighted
differences in organization of Numb. While on PIP, membranes Numb preferentially bound
highly curved-tubes over planar bilayers, NPC1L1 recruited Numb independent of
membrane-curvature. Remarkably, irrespective of the mode of recruitment, Numb organized
as distinct clusters upon membrane binding. Numb clusters were membrane-active and
produced constrictions on tubes that co-localized with the clusters. This is reminiscent of

dynamin scaffolds that similarly constrict membrane tubes’®. Recently a pull-down based
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study has suggested Numb to be able to dimerize?. The membrane-active clusters of Numb
could indeed reflect higher-order oligomers of the protein. Recently crowding by large
unstructured regions on adaptors proteins has been proposed to facilitate membrane-bending
8182 Comparative analyses of artificially-recruited PTB-domain containing adaptors revealed
that the ability to oligomerize is intrinsic and unique to Numb. Furthermore, the Numb PTB
domain is sufficient to organize as clusters and constrict membrane tubes. Of note, between

different organisms the PTB domain remains the most conserved part of Numb.

Oligomerization of Numb via its PTB domain may serve to cluster and sort receptors
into a nascent vesicle. During division of the sensory organ precursor cell in drosophila
Numb gets asymmetrically segregated by forming a tight crescent on the plasma membrane
of one of the dividing cells. The mechanism of this segregation is not yet clear and indeed

ability to self-oligomerize may be implicated in aiding the formation of the Numb crescent.

Reshaping of an initially flat membrane to highly curved bud is essential for vesicle
formation. Several mechanisms of membrane remodeling have been proposed and specific
endocytic proteins have been suggested to be involved in membrane reshaping 2. Of the
clathrin-adaptors, only epsinl is a membrane-active protein that can sense curvature and
tubulate liposomes via the PIP,-binding ENTH domain and is essential for driving curvature
and maturation of clathrin-coated vesicles ®**. The property to Numb to sense curvature in
conjunction with its ability to remodel membranes may allow it to participate in later stages

of vesicle budding where it may be involved in further deformation of the membrane.

Lately, the structural organization of endocytic adaptors is thought to be essential for
linking clathrin polymerization to membrane bending. Disrupting the hetero-oligomeric
interphase of yeast clathrin adaptors Sla2 and Entl has shown to impair vesicle
maturation®*®. In this regards, it would be of great interest to locate the oligomerization
interphase on the Numb PTB allowing analysis of the contribution of Numb-clustering to
vesicle formation. Of relevance, there are two known of Numb that vary in their PTB
domains (PTBo lacking or PTBI containing an 11-amino acid insert, 68—78 aa). The isoforms
vary in their lipid binding, sub-cellular localization, as well as receptor recognition properties
where only the shorter PTBo can bind NPC1L1'*%" It would be interesting to see if the
membrane-active oligomerization abilities reported here are conserved between the PTB

isoforms.
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Chapter 5

Real-time visualization of Numb-

mediated clathrin assembly
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5.1 Introduction

Traditionally the contribution of interactions between membrane lipids and adaptor proteins
to clathrin-polymerization has been understood by several minimal reconstitution-based
assays *®%. Liposome sedimentation followed by EM imaging has provided information on
lipid specificities and clathrin interacting abilities of various adaptor proteins®. Fluorescence
microscopy based reconstitution studies on GUVs have studied the effect of membrane
tension on adaptor protein mediated clathrin-assembly*®. Reconstitution-assays on lipid-
monolayer and unroofed cells with addition of purified components or cytosol paired with
high-resolution EM have also been used to understand the contribution of individual
endocytic proteins to membrane budding®”®. These approaches do not allow washing of
excess unbound adaptor-proteins before introducing clathrin into the mixture, thereby raising
the possibility of clathrin polymerizing into empty cages in solution. In addition, the entire
process of building a canonical-CCV is completed in about 60 seconds?. The rate at which an
adaptor assembles the clathrin-basket should therefore fall in this timescale. Available assays
being based on end-point observations do not provide information on the Kinetics of adaptor-

mediated clathrin assembly.

SMIrT has the advantage of following protein-protein interactions in real time allowing
calculation of reaction kinetics’®*>. Moreover, the flow-chamber that houses these templates
allows control over washing of unbound proteins ensuring their interaction on the membrane.
SMrTs are used here to follow Numb-mediated clathrin-assembly in real-time and over

different membrane topologies.
5.2 Methods
5.2.1 Cloning, expression and protein purification

Clathrin heavy chain (Origene plasmid- SC125754) was cloned into pET15B with a C-
terminal Strepll tag. For recombinant clathrin purification, clathrin heavy chain with a C-
terminal Strepll tag was expressed in BL21(DE3) at 18 °C in autoinduction medium
(Formedium, Norfolk, UK). Frozen bacterial pellets were lysed in 250mM Tris, pH 8.5, 1ImM
DTT supplemented with a PIC tablet (Roche). The lysate was spun (18,000 g) and the
supernatant flowed on a Streptactin column (GE), washed and eluted in buffer containing
250mM Tris pH 8.5, 2.5mM desthiobiotin. The peak fractions were collected and
fluorescently labeled with 10 fold molar excess of thiol-reactive Texas Red C2 maleimide
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dye (Invitrogen) for 1 hr at RT. The labelling reaction was quenched with 1 mM DTT. To
enrich for assembly-competent triskelia, purified labelled CHC was dialysed against 20mM
MES pH 6.2 buffer supplemented with 2mM CaCl2 (18 hours). The solution was spun at
100,000g (1 hour, 4°C) and the pellet containing assembled clathrin was collected. Almost all
of the free dye was seen in the supernatant. The pellet was resuspended in 10mM Tris pH 8.5
buffer supplemented with 0.5mM DTT by intermittent trituration (3 hr, RT). The solution
was spun to remove any insoluble aggregates and the supernatent flash-frozen with 10% v/v
glycerol. A typical prep yielded 1-2uM CHC that remained functional for about 3 months
when stored at -80°C.

Native clathrin was extracted from clathrin-coated vesicles isolated from goat brains as

described earlier® with a few modifications™.

5.2.2 Fluorescent labelling of proteins

The purified CHC and native clathrin was labelled using 10 fold molar excess of thiol-
reactive Texas Red C2 maleimide dye for 1 hr at RT. The reaction was quenched by addition
of DTT. Free dye was removed in the subsequent dialysis steps. Labelled protein was judged
to be free of unreacted dye by resolving on 10% SDS-PAGE.

5.2.3 Supported Membrane Templates (SMrT)

For clathrin-assembly reactions SMrTs were made with the lipid composition—-DOPC: DOPS:
DGSNTA(Ni*"): DiD (79:15:5:1 mol%) as described in Methods section 4.2.3.

5.2.4 Fluorescence imaging
The fluorescence imaging was performed as described in Methods section 4.2.4.
5.2.5 Clathrin assembly reactions

SMrTs were made in filtered and degassed assay buffer HKS (20mM HEPES pH 7.4,
150mM KCI). To avoid non-specific sticking of clathrin, chamber was passivated with
Img/ml of BSA. 200ul of 200nM adaptor-proteins were then incubated for 10 mins and
washed with 3x200ul of HKS. To avoid any photo-toxicity and bleaching during continuous
real-time imaging the chamber was equilibrated with oxygen-scavenger cocktail containing

0.2 mg/ml glucose oxidase (Sigma, G-2133), 0.035 mg/ml catalase (Sigma, C-40), 4.5 mg/ml
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glucose, and ImM DTT. Clathrin assembly reaction was monitored in real-time by flowing in
200ul of 100nM Texas Red-labeled clathrin or CHC, freshly diluted in HKS.

5.2.6 Image analysis

Fiji was used to analyze the fluorescence micrographs and time-lapse movies (Schindelin et
al. 2012), and nonlinear regression analyses were carried out using GraphPad Prism as
described previously. Kinetics of clathrin assembly were calculated as described previously®.
Briefly, dead time of the flow cell was estimated in situ for each experiment by calculating
the onset of fluorescent clathrin into the microscope field using a plateau followed by one-
phase exponential rise function. Frames before the calculated onset were removed from time-
lapse sequences. The background-corrected kymographs were generated from lines placed
across the entire length of the membrane tube. Pixel intensity versus time data for all pixels
on a kymograph were exported and fitted to a plateau followed by one-phase exponential rise
function. Mean time constants were plotted from fits with an R? 20.8, which sorted out

artifacts caused by microscope focus drifts and/or flow-induced lateral movement of foci.
5.3 Results
5.3.1 Real-time visualization of Numb-mediated clathrin-assembly

In order to visualize clathrin assembly, Numb (200nM) was first displayed on SMrTs
containing chelating lipids. Artificially recruited Numb has the advantage of enabling
comparison with clathrin-assembly properties of other CLASPs *°. Upon incubation of Numb
with SMrTs, characteristic constrictions developed on the membrane tubes owing to PTB
mediated Numb clustering (Fig 5.1A Left-most panel, also see Fig 4.4). Excess, unbound
Numb was washed thrice with 200 pl of HKS. The chamber was first equilibrated with
oxygen scavenger cocktail (See Methods section 5.2.5) to reduce bleaching during stream
acquisition. 100nM of fluorescently labelled native clathrin was then flowed in and imaged
continuously at a high temporal resolution (100ms/frame). As clathrin entered the field of
view, the background fluorescence intensity increased and distinct punctae of clathrin started
forming on tubes. These punctae acted as nucleation-points and immediately grew brighter as
they recruited more clathrin, indicative of co-operativity in clathrin-assembly. Within a
minute, the build-up of clathrin fluorescence intensity on the punctae reached saturation (Fig
5.1 A). The clathrin foci were stable and showed little movement along the tube (see

kymograph in Fig 5.1 B).
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The kymographs reflecting build-up of clathrin fluorescence on a single tube were
generated. The mean clathrin intensity along the length of the tube versus time data were
extracted from kymographs, fitted to a plateau followed by a single exponential rise function
and used to calculate T, which reflects the assembly kinetics along the radius of the tube (see
Methods 5.1.6) (Fig 5.1 C). The t for Numb-mediated clathrin assembly was 53+12 sec,
which falls in the range of the values reported for other CLASPs (Fig 5.1 D).
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Figure 5.1 Kinetics of Numb-mediated clathrin-assembly (A) An array of tubes coated with Numb showing
marked constrictions (white arrow-heads). Time lapse of tubes acquired after flowing in fluorescently-labelled
clathrin. Yellow arrowheads point to the clathrin foci. (B) Representative kymograph from one Numb-coated
tube showing clathrin-assembly. Yellow arrowheads point to the entry of clathrin and red arrows point to start of
formation of clathrin puncate on tubes. (C) Trace of the build-up of clathrin fluorescence intensity along a single
tube (black line) fitted to plateau-followed by one phase association kinetics (Red line). The dotted line indicates
the tpys Or T. (D) thar (T) Of clathrin assembly by Numb (53 sec) is comparable to that of the previously reported
clathrin-adaptors (18 tubes from 3 independent experiments were analysed). The data-sets for previously-

reported adaptors (in grey) are from *°.

70



5.3.2 Characteristics of clathrin-assembly by Numb

To co-relate Numb and clathrin distribution over varying membrane topologies,
clathrin-assembly was carried out with Numb-mEGFP. For the sake of simplicity of protocol,
clathrin heavy chain (CHC) used here was recombinantly expressed and purified (as
described in Methods 5.2.1). Briefly, BL21(DE3) cells expressing CHC with a C-terminal
Strepll tag were lysed in 250mM Tris pH 8.5 buffer supplemented 1mM DTT and 1mM
EDTA (buffer was chosen to maintain clathrin as disassembled triskelia). CHC-Strepll was
purified using affinity-chromatography and subsequently fluorescently labelled. To enrich for
functional triskelia, CHC was assembled by dialysis against 20mM MES buffer
supplemented with 2mM CaCl2 pH 6.2. The assembled cages were collected by a high-speed
spin (Note- Significant amount of purified CHC was found in the pellet. Free, unreacted dye
was separated in the supernatant). Clathrin lattices were disassembled in 10mM Tris pH 8.5
by trituration. To remove disassembly-resistant aggregates of CHC, the solution was again
subjected to a high-speed spin (Fig 5.2A). The supernatant containing labelled, assembly-
competent triskelia was diluted in HKS just before its use in the real-time clathrin assembly
assays. Purified CHC was also tested using an antibody against the N-terminal domain of
clathrin (Ab 24578). Recombinantly expressed CHC purified similarly was recently used to

analyse the mechanism of Hsc70 mediated-clathrin cage disassembly.

Recombinant CHC was first tested by carrying out clathrin-assembly assays using the
canonical clathrin-adaptor protein AP-2 B*’. TxRed-CHC was flowed-in on SMrTs displaying
AP-2B (recruited via chelating lipids) and imaged. As reported with native clathrin, CHC
coated the tubes almost uniformly with very little clustering observed (Fig 5.2B). Of note, the
rate of CHC-assembly appeared to be slower than that observed with native clathrin (data not
shown). Control experiments where the adaptor was replaced with a 6xHis-tagged mEGFP

showed no recruitment of CHC to the membrane (Fig 5.2C).

Next CHC-assembly was carried out with Numb-mEGFP. Foci of CHC assembled on
tubes and were co-localized with Numb scaffolds over regions of tube constrictions (Fig
5.2D, E). Remarkably, although Numb was pre-arranged as scaffolds on both tubes and
SLBs, CHC assembled in a curvature-dependent manner and was enriched on membrane
tubes (Fig 5.2F).
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Figure 5.2 Characteristic of Numb-mediated clathrin-assembly (A) Commassie-stained 10% SDS-PAGE
gel showing purification of assembly-competent CHC triskelia. Purified CHC (Input) on dialysis against the

assembly buffer and subsequent spin was recovered in pellet (pellet-P1, supernatant-S1). Clathrin cages were
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disassembled by trituration in disassembly buffer and subjected to high-speed spin. Most of CHC was recovered
in the supernatant (Pellet-P2, supernatant-S2). (B) Fluorescent CHC (Red) was incubated with AP2-B (Green).
CHC coated AP2-B-displaying tubes (Merge). (C) CHC (Red) does not bind tubes when the adaptor is replaced
with mEGFP (Green). (D) CHC foci (Red) assembled on clusters of Numb-mEGFP (Green). (E) Numb-mEGFP
clusters (Green line) assembled CHC (Red line) on regions on membrane constrictions (Grey line). (F) Numb-
MEGFP assembles clathrin more efficiently on curved membrane tubes than on planar bilayers. Data represents

mean +SD of clathrin fluorescence normalized to Numb-mEGFP intensity.
5.4 Discussion

Real-time reconstitution of the Numb-clathrin interaction described here reveals the rate
of clathrin-polymerization to be similar to that of the reported CLASPs emphasizing the
ability of Numb to assemble clathrin in physiologically-relevant timescales. Numb could bind
and assemble purified native clathrin further validating the interaction uncovered by SUPER
template pull-down assays. The ability of Numb to self-oligomerize distinguishes it from the

previously-tested CLASPs which cluster only in response to clathrin-assembly™°.

Furthermore, Numb-mEGFP scaffolds directed assembly of clathrin heavy chain (CHC) on
regions of tube constriction. Although Numb was organised as clusters on both SLB and
tubes, clathrin assembled in a curvature dependent manner and was enriched on the highly

curved tubes.
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Discussion

Numb, an evolutionarily conserved protein is essential for the clathrin-mediated transport of a
class of receptors containing the FXNPXY sorting signal. Numb function was first

discovered due to its involvement in Drosophila development. During asymmetrical division
of the neural progenitor cell, Numb is segregated to the plasma membrane of one of the
dividing cells. The asymmetry set in by Numb distribution confers alternate fates on the two
progeny cells. The cell inheriting Numb divides to form neuron and sheath cells, while the
other divides to become socket and hair cells. Collective work later established that Numb
physically interacts and antagonizes Notch-receptor signalling in the Numb-enriched
daughter cell activating specific pathways.

The segregation of Numb into a tight crescent at the basal-cortex of the dividing-progenitor
cell is strikingly different from the gradient-like distribution of other patterning and requires
the concerted action of several proteins. One of the critical factors is Miranda, the highly
coiled-coil domain containing protein, which localizes to the plasma membrane and
sequesters the transcription factor, Prospero. Polarity proteins Prospero, Miranda and PON
(Partner of Numb) form crescent similar to Numb and are required for proper Numb
distribution®. Par polarity complex and the associated kinase aPKC contribute to this
process by excluding the polarity proteins *. Asymmetric distribution of mMRNA is thought to
drive the segregation of Prospero and Miranda but not Numb localization®®. Interestingly
quantitative live analysis of GFP- Pon and Numb-GFP fluorescence coupled with
fluorescence recovery after photobleaching (FRAP) studies establish that both Numb and Pon
rapidly exchange between the cytoplasmic pool and plasma membrane, and preferential
recruitment from the cytoplasm is responsible for their asymmetric distribution during
mitosis®*.

However, the molecular basis for how densely concentrated Numb crescents autonomously
form in restricted membrane regions, the interactions that maintain these Numb assemblies,
and the cues that trigger the clustering during mitosis are however still unclear. In this regard,
a recent study reports a PON-Numb interaction that leads to a liquid-liquid phase-separation
and formation of protein condensates in solution®™. However, how the properties of the
Numb-PON inter-protein interaction on membrane surfaces is still unclear. Using SMrT
templates containing membranes of varying topologies, the results described in this thesis

identify an intrinsic ability of Numb to self-oligomerize upon membrane-binding.
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Surprisingly Numb oligomers on membrane tubes also lead to its constriction. Moreover, the
property to self-oligomerize and remodel membranes was mapped to the PTB domain of
Numb. Interestingly the PTB domain is shown to be essential to form condensed crescents
during asymmetric cell-division®. In this context, it would be highly significant to identify
the oligomerization interface on the Numb PTB and thereby test the contribution of the self-
oligomerization ability of Numb to the formation of the condensed crescent during
asymmetric cell division. The membrane-binding determinants tested here also show that
PIP, alone is not sufficient for recruitment of Numb to planar SLB. However artificial
recruitment with chelating lipids or presence of receptor aids binding as well as clustering.
These results suggest the involvement of a membrane-protein to facilitate recruitment of
Numb during crescent formation. Upon initial membrane localization, the intrinsic PTB-
mediated oligomerization ability could act to enable clustering of Numb.

Numb is thought to antagonize Notch signaling by decreasing Notch levels on the plasma
membrane. The many models proposed suggest that Numb reduces Notch on the plasma
membrane by- promoting endocytosis, inhibiting recycling from the endosomes, and
promoting degradation of Notch. Numb function in development reiterates its involvement in
regulating receptor distribution by participating in clathrin-mediates vesicular transport.
Numb is proposed to regulate receptor distribution by participating in either receptor
internalization from the plasma membrane as well as recycling and degradation of
endocytosed receptors from the early endosomes. However, what regulates Numb recruitment
to different target organelles and the mechanism of how it links the cargo-receptors to the
clathrin-transport machinery is still lacking.

In an effort to investigate Numb functions, a novel pull-down approach with adaptors
displayed on lipid bilayer coated silica beads (SUPER templates) was standardized. Using
membrane-displayed Numb as the bait, this work reports for the first time a direct interaction
between Numb and clathrin was uncovered. The clathrin-binding attributes on Numb were
determined using a series of deletions spanning the entire sequence of Numb that were tested
for CHC-binding. Using a combination of a facile dot-blot assay and SUPER template-based
pull-downs, the PRR (proline-rich region) was identified as the clathrin interacting region on
Numb. Furthermore, transient expression of Numb PRR inhibited transferrin-uptake in Cos7
cells. SUPER pull-downs also show that the Numb-clathrin interaction is supressed by AP2-
binding.

Although the functional significance of this interactions is not clear yet, it may contribute to

Numb’s role is regulating receptor trafficking from the endosomes. While clear experimental
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evidence indicates that Numb induces endocytosis of NPC1L1, integrin and EAAT3 in a
clathrin and AP-2-dependent manner depositing these at the early endosomes, the
contribution of Numb to the regulation of Notch distribution is still unclear. Interestingly,
imaging of fluorescently-tagged Numb in Drosophila revealed that Numb is dispensable for
internalization of Notch but functions by co-accumulating with Notch (and Spdo) in sub-
apical endosomes and inhibiting Notch recycling back to the plasma membrane®. Cellular
studies tracking localisation of surface-labelled Notch indicates Numb promotes post-
endocytic degradation of Notch®***. Similar to Notch, Increasing experimental evidence now
points to the involvement of Numb in regulating transport from the early endosomes®*=®*".
Early endosomes sort cargo either into the degradative pathway to lysosomes or into the
recycling route to the plasma membrane'®®. One major difference between the clathrin-
coated carriers made at the early endosomes and the plasma membrane is the sorting of cargo
for transport to different routes that must occur when the carrier is built at the early
endosomes. Both the fast and slow recycling pathways from the early endosomes recruit
clathrin via Rab4a/b dependent mechanisms and require AP-1 and GGA3 . However,
given the co-ordination of vesicle formation events that sorting of cargo at the early
endosomes must necessitate, the full repertoire of protein machinery and the clathrin-adaptors
needed to make these recycling vesicles and tubules is likely to be far more complex. Numb
with its intrinsic ability to self-assemble into separate clusters, and polymerize clathrin could
indeed serve as a potential endosomal clathrin-adaptor.

Collectively this works identifies two biochemical properties of Numb- the PTB domain
binds membrane consequently leading to self-oligomerization to form clusters while the PRR
independently recruits clathrin. Although the PRR is sufficient to bind clathrin in SUPER
pull-down assays, whether the kinetics of clathrin-polymerization are similar to full-length
Numb is not yet clear. Real-time visualization of clathrin assembly with PRR and Numb can
be compared to analyse the contribution of PTB-aided clustering to PRR-mediated clathrin
polymerization. Moreover, both the PTB and PRR are alternatively spliced in cells and the
resulting isoforms are proposed to exert different function causing alternate developmental
fates?”%°. Recently, Numb isoform that vary in the PRR (p66 and p72) were seen to regulate
the balance between receptor recycling and degradation from the early endosomes,
presumably by recruiting different partners®. Whether the properties identified here are

similar between Numb-isoforms remains to be tested.
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