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Abstract

Intracellular trafficking, particularly protein secretion, faces numerous unresolved
challenges. This thesis aims to provide and evaluate tools for quantitative investigation
of these processes using fluorescent microscopy. Quantitative analysis offers two main
benefits: detailed characterization of molecular dynamics for mechanistic
understanding and objective measurements for accurate comparisons across
experiments.

In Chapter 1, we introduced the secretory pathway, a cellular pathway responsible for
the synthesis, processing, sorting and delivery of secretory proteins to the extracellular
environment. In Chapter 2, we provided a thorough description of the methodologies
used in this thesis. They included various fluorescence microscopy techniques,
automated image analysis, and biological methods tailored to the secretory pathway.
The tools were selected to achieve high spatial and temporal resolution, enable
quantitative analysis, and allow live-cell characterization.

In Chapter 3, we used fluorescence imaging to objectively evaluate results in four
projects addressing protein secretion and intracellular trafficking. These included
quantifying colocalization and proximity of structures, measuring fluorescent intensity
differences, and characterizing dynamics of particles like ERGIC-derived nanotubules.
Consistent sample preparation and image acquisition, coupled with computational
analysis, are crucial for accurate, unbiased results.

Chapter 4 focuses on single-particle tracking (SPT) in the secretory pathway,
proposing control experiments and parameter descriptors to maximize data quality.
We emphasized labeling strategies, imaging, and data analysis considerations for
reliable results.

Chapter 5 applied these methodologies to study protein sorting at the TGN,
examining the role of ER-Golgi membrane contact sites (MCS) in TGN-derived carrier
biogenesis. Using super-resolution fluorescence microscopy, we identified cargo
accumulation regions and conducted SPT experiments, revealing confined, slow
motion of cargo proteins near MCS. This effect was inhibited by the lipid transfer
blocker 25-HC, indicating upstream regulation of cargo localization preferences by
MCS.
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Resum

El trafic intracel-lular, particularment la secrecié de proteines, presenta nombrosos
gUestions no resoltes. Aquesta tesi té com a objectiu proporcionar i avaluar eines per
a la investigacié quantitativa d'aquests processos mitjancant microscopia fluorescent.
L'analisi quantitativa ofereix dos avantatges principals: la caracteritzaci¢ detallada de
les dinamiques moleculars per a la comprensié mecanica i les mesures objectives per
a comparacions precises entre experiments.

Al Capitol 1, hem introduit la via secretora, una via cel-lular responsable de la sintesi,
processament, classificacié i lliurament de proteines secretories a I'entorn
extracel-lular. Al Capitol 2, hem proporcionat una descripcié exhaustiva de les
metodologies utilitzades en aquesta tesi. Inclouen diverses técniques de microscopia
de fluorescéncia, analisi d'imatges automatitzada i metodes biologics adaptats a la via
secretora. Les eines es van seleccionar per aconseguir una alta resolucié espacial i
temporal, permetre I'analisi quantitativa i permetre la caracteritzacio en cél-lules vives.

Al Capitol 3, hem utilitzat la imatge de fluorescencia per avaluar objectivament els
resultats en quatre projectes que aborden la secrecid6 de proteines i el trafic
intracel-lular. Aquests inclouen quantificar la colocalitzacié i la proximitat
d'estructures, mesurar diferéncies en intensitat de fluorescéncia i caracteritzar
dinamiques de particules com nanotlUbuls derivats de I'ERGIC. La preparacid
consistent de mostres i I'adquisicié d'imatges, juntament amb |'analisi computacional,
son crucials per obtenir resultats precisos i imparcials.

El Capitol 4 se centra en el seguiment de particules individuals (SPT) en la via secretora,
proposant experiments de control i descriptors de parametres per maximitzar la
qualitat de les dades. Hem posat emfasi en les estratégies de marcatge, la imatge i les
consideracions d'analisi de dades per a resultats fiables.

Al Capitol 5 hem aplicat aquestes metodologies per estudiar la classificacio de
proteines al TGN, examinant el paper dels llocs de contacte de membranes ER-Golgi
(MCS) en la biogenesi dels transportadors derivats del TGN. Utilitzant microscopia de
fluorescencia de super-resolucio, vam identificar regions d'acumulacié de proteina i
vam dur a terme experiments de SPT, revelant el moviment confinat i lent de les
proteines de carrega a prop dels MCS. Aquest efecte va ser inhibit pel bloquejador de
transferéncia de lipids 25-HC, indicant una regulacié ascendent de les preferencies de
localitzacié de proteina per part dels MCS.
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Chapter 1

Introduction to the Secretory Pathway

This chapter presents an introduction to the secretory pathway, a cellular pathway
responsible for the synthesis, processing, sorting and delivery of secretory proteins to
the extracellular environment. Following the journey of newly synthesized proteins, we
provide an overview on the path through the different organelles involved in this
pathway, and get an introduction to the most relevant molecular players. Additionally,
the chapter examines the most accepted mechanistic models at the different stages,
the unknown questions that remain unanswered, and explores possible new
paradigms that have recently been suggested.

Part of this work has been published as:

Angulo-Capel, J.*, Lujan, P.*, Chabanon, M.*, Campelo, F., (2021) Interorganelle
communication and membrane shaping in the early secretory pathway. Current
Opinion in Cell Biology. 71:95-1002. doi: 10.1016/j.ceb.2021.01.010

*These authors contributed equally.


https://doi.org/10.1016/j.ceb.2021.01.010




1. INTRACELLULAR TRAFFICKING

Intracellular trafficking is a broad term that encompasses the highly regulated
processes of transport, sorting and delivery of molecules to specific destinations
within the cell. Two examples are the transport of vesicles between the endoplasmic
reticulum (ER) and the Golgi apparatus, as well as the internalization and recycling
of molecules through endocytic pathways.

The regulation of intracellular trafficking involves a wide range of factors and
mechanisms due to the diverse nature of cargo molecules and organelle dynamics
within the cell. Therefore, understanding such a general concept requires detailed
study, focusing on its different components. There are two main intracellular
trafficking routes: the biosynthetic pathway, by which newly synthesized proteins are
produced, and targeted to their final destination; and the endocytic pathway, by
which proteins are internalized from the cell surface and further processed. The
scope of this thesis focuses on the biosynthetic pathway, with strong emphasis on
those that lead to protein secretion.

2. THE SECRETORY PATHWAY

The secretory pathway is a fundamental cellular process, responsible for the
secretion of proteins into the extracellular environment. It represents a highly
coordinated network of organelles and molecular processes, each playing distinct
roles in the synthesis, modification, and transport of proteins destined for secretion.
This finely tuned cellular machinery is essential for maintaining cellular homeostasis
and facilitating communication with the extracellular environment.

Beginning with synthesis and translocation into the ER, proteins are transported to
the Golgi for processing, followed by packaging into transport carriers. These
carriers then navigate to and fuse with the plasma membrane for secretion (see
Figure 1). Alternatively, proteins can reach the PM after first passing the
endolysosomal system. It was George Palade’'s model of vesicular transport, that laid
the foundational understanding of the secretory pathway in cells, proposing that
newly-synthesized secretory proteins are transported as explained above by
encapsulation into small vesicles that budded from a donor compartment and fused
with an acceptor compartment at each step of the secretory pathway."? In 2013,
James Rothman, Randy Schekman and Thomas Studhof were awarded the Nobel
Prize in Physiology or Medicine “for their discoveries of machinery regulating vesicle
traffic, a major transport system in our cells”.
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Figure 1. The early secretory pathway. Schematic visualization of the cellular structures of
the endomembranous system that are involved in the early secretory pathway. Proteins are
synthesized and translocated to the ER, then they travel from the ER to the Golgi apparatus
through COPIl vesicles. Once in the Golgi, they get post-translational modifications, and they
get packed into transport carriers at the TGN. (Modified from J. Angulo-Capel et al. Current
Opinion in Cell Biology (2021)3).

3. PROTEIN SYNTHESIS

Central to the secretory pathway is the process of protein synthesis, which occurs at
the ribosomes. In the event an N-terminal ER targeting signal sequence in the
nascent polypeptide is recognized by the signal recognition particle (SRP),
ribosomes attach to ER membranes, and proceed protein synthesis in the vicinity of
the Sec61p (or SecYEG in prokaryotes) translocon.* Other signaling sequences
determine whether the protein stays embedded in the ER membrane, or it is
completely released within the lumen. The ER provides a specific environment that
enables nascent proteins undergo folding and oligomerization. At this stage, post-
translational modifications such as addition of N-linked oligosaccharide chains,
establishment of disulfide bonds, and hydroxylation of prolines also take place.

While the processes of protein synthesis, ER targeting, and post-translational
modifications in the secretory pathway encompass several well-understood
mechanisms and components, there remain several unanswered questions and
areas for future research in this field:



(i) Mechanisms of co-translational targeting and translocation. While the co-
translational protein targeting to the endoplasmic reticulum (ER) is a well-
characterized process®®, the detailed molecular mechanisms by which proteins are
recognized at the ribosome by the SRP and delivered to the ER protein translocation
channel are still being elucidated.’

(it) Integration and post-translational modifications of nascent proteins. The role of
the ER in signal peptide cleavage, oligosaccharide addition and modification, and
specific amino acid residue modifications needs further exploration in order to find
out the efficiency of these reactions and their impact on protein function.?

(ii)) Novel roles of the SRP. Recent findings suggest that in addition to its targeting
function, the SRP plays a role in protecting secretory protein mRNAs from
degradation.’

Moreover, the ER is not only responsible for protein synthesis, but it also produces
the vast majority of cellular lipids. Some key lipid components are
phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn), along with
less common membrane lipids like phosphatidylinositol (Ptdins) and fundamental
sphingolipid precursors. Additionally, the ER hosts enzymes involved in cholesterol
synthesis and the formation of triacylglycerides for energy reserves. These lipids,
synthesized within the ER, are transported to other cellular organelles either through
the secretory pathway or ER contact sites, and keep the cell homeostasis.™

4. ER TO GOLGI TRANSPORT

The exit from the ER occurs in specific landmarks named ER exit sites (ERES)",
characterized by the presence of coat protein complex Il (COPIl) components.
Classically, it has been accepted that COPII controls the transport from the ER to the
ER-Golgi intermediate compartment (ERGIC), while COPI is in charge of the
subsequent sorting in the ERGIC towards the Golgi, as well as transport back to the
ER.'>" The ERGIC is a membrane bound organelle, placed in between the ER and
the cis-Golgi cisternae, which was identified following several studies that
characterized its distinct biochemical composition.'®™" However, it still remains
unclear how the ERGIC structure is dynamically maintained in relation to the overall
functional organization of the early secretory pathway.

The traditional understanding is that at ERES, the COPII protein complex initiates
vesicle formation to transport materials to the ERGIC in a process that involves five
key proteins - Sar1, Sec23, Sec24, Sec13, and Sec31. They collaboratively build a
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dual-layered coat. This structure not only selects cargo, but also molds the
membrane into a cargo-containing vesicle of 60-90 nm size.?°

Although the formation of COPII vesicles is a very well-studied process, one of the
major incognita is how can large cargoes be embedded within such small vesicles.
Some examples of bulky cargoes include collagen, mucins, some lipoproteins,
chylomicrons, and very-low-density lipoproteins (VLDLs). This conundrum has
inevitably led to the formulation of new models.

This was further supported by the discovery of the protein transport and Golgi
organization 1 (TANGO1).2' This protein is necessary for the export of collagens®*?,
mucins®* and apolipoproteins®?¢, Its mechanism of action involves a role as a cargo
receptor?’; reorganization of COPII machinery??; formation of ring-like structures®,
and interaction with the COPI-coated ERGIC membranes.**>* A physical model of
TANGO1-mediated ER export explained how various physical properties, such as
membrane tension, dynamically contribute to the formation of procollagen-
containing transport intermediates that match the size of the cargo they transport.®
34,35

Technological advancements in 3D correlative light and electron microscopy

and in fluorescence super-resolution microscopy?®*’

are also challenging the
classical paradigm of vesicular transport in the secretory pathway, leaning towards
a model with more continuity between the ER and the ERGIC membranes. It has
been proposed that a transient tunnel is created in between the ER and the ERGIC
for the direct passage of the cargo (see Figure 2a).** On the other hand, it has also
been observed a more dynamic network of tubules of variable size that remodels.*”*®
Along these lines, it is to be highlighted the work performed in the field of ADP-
ribosylation factors (ARF) GTPases. Experiments on live fluorescence super-
resolution microscopy show that anterograde cargo transport between the ER and
the Golgi is mediated by a dynamic interconnected network of tubular ERGIC

structures that defined by the small GTPase ARF4.%®

In addition, it should also be mentioned an alternative mechanism of transfer of
cargoes between the ER and the Golgi. It involves the direct trafficking between the
two organelles (omitting the ERGIC) through a hug-and-kiss mechanism (see Figure
2b). cis-Golgi cisternae wrap around and tether ERES (hug), after which ER cargo is
directionally transferred to the Golgi complex (kiss). This was observed in S.
cerevisiae, and thus should not be completely disregarded in mammalian cells.*



a TANGO1-mediated ! b Hug-and-kiss model
ERES-ERGIC communication | of ER-to-Golgi transport
for procollagen export |
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Figure 2. Two modes of communication between ERES and early Golgi elements. (a)
Mechanisms of ERES/ERGIC communication for procollagen export in mammalian cells. A
TANGOT1 ring (orange) links procollagen (cyan-striped poles) to COPII coats (not shown).
TANGO1, by binding to a tethering complex (not shown), recruits ERGIC/COPI membranes
(green) to a nascent transport intermediate. Fusion of these membranes triggers carrier
growth. The precise fusion site is yet to be revealed. Finally, TANGO1 creates a diffusion
barrier at the carrier base to prevent membrane mixing. (b) Hug-and-kiss model for
proximity-based ER-to-Golgi transport in yeast. A dynamic contact between ERES (blue) and
cis-Golgi cisternae (yellow) enhances the efficiency of anterograde trafficking. Whether COPII
vesicles are fully formed and travel the short distance within the contact or alternatively a
transient fusion of the ERES with a cis-Golgi cisterna occurs remains unresolved. An ER arrival
site where Golgi-derived COPI vesicles fuse to the ER is shown proximal to the ERES.
(Modified from J. Angulo-Capel et al. Current Opinion in Cell Biology (2021)3).

5. GOLGI PROCESSING

The Golgi apparatus, also known as the Golgi complex or Golgi body, is an essential
organelle found in most eukaryotic cells. It was named after the Italian scientist
Camillo Golgi, who discovered it in 1898.“° The Golgi apparatus plays a key role in
processing and packaging proteins and lipids that are synthesized in the ER. These
molecules are then sorted, modified, packaged into vesicles, and transported to their
destination sites within or outside the cell.

In mammalian cells, this organelle is formed by a series of sac-like, membrane-
bound cisternae, which group in stacks of 4-12, and which in turn laterally bind
forming the so-called Golgi ribbon.*"*2 The biochemical composition changes across
the stack, allowing for the division between cis-, medial- and trans-cisternae.*’ In
consequence, cargo proteins travel from cis- to trans-cisternae, and the polarized
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distribution of resident enzymes ensures its sequential glycosylation. The outermost
region, the trans-Golgi network (TGN) serves as the exit station from where different
cargo proteins leave the Golgi to different intracellular destination or for secretion
outside the cell.

How proteins travel from cis to trans is still not fully understood, and has led to
different molecular models. Two of the most important are the anterograde vesicular
transport between stable compartments, and the cisternal progression/maturation.
Both models have strengths and weaknesses when trying to explain the observed

experimental results.***

The vesicular transport model, which gained wide acceptance from the early 1980s
until the late 1990s, depicts the Golgi as a series of stable compartments working in
synchronization.””™® Each compartment harbors a distinct set of Golgi proteins,
including glycosylation enzymes, responsible for processing secretory cargoes in a
sequential fashion.*=" Initially, newly synthesized secretory cargoes are delivered to
the cis-Golgi via COPIll-coated vesicles, and then moved sequentially in the
anterograde (forward) direction through the Golgi compartments in COPI-coated
vesicles.”* Resident Golgi proteins are kept within specific Golgi compartments by
not being incorporated into these COPI vesicles. More recent interpretations of this
model suggest that COPI vesicles move bidirectionally, with anterograde COPI
vesicles transporting secretory cargoes forward, while retrograde COPI vesicles

recycle trafficking components.>***

By contrast, in the cisternal progression/maturation model, cisternae are seen as
transient carriers.>>*° It suggests that the formation of a new cis-cisterna begins with
the fusion of COPII vesicles or other carriers from the ER. The new cis-cisterna
gradually matures into a TGN cisterna, ultimately breaking down into secretory
vesicles and other carriers.’’° As cisternae themselves are the carriers that transport
secretory cargoes forward, COPI vesicles recycle resident Golgi proteins from older
(more trans) to younger (more cis) cisternae.®®®' Differential recycling efficiencies
for different Golgi proteins may account for the distinct biochemical characteristics
or functions associated with different parts of the Golgi apparatus.®>® Later, it was
proposed that the various Golgi compartments represent distinct kinetic stages of
maturation, regulated by Rab GTPases.* It also needs to be mentioned that cisternal
maturation has been visualized in live yeast cells, making this hypothesis

stronger.5>



6. EXITING THE TGN

Once at the level of the TGN, proteins are sorted for export into specific transport
carriers with different destinations: the cell surface, the endo-lysosomal system,
secretory granules (in the case of professional secretory cells), or back to the Golgi.
The TGN emerged as a single entity in studies over the 20" century, but it was in the
influential publication by Griffiths and Simons in 1986, that described it as a
designated organelle on the trans side of the Golgi stack, responsible for the routing
of proteins to lysosomes, secretory vesicles and the PM.%’

Nowadays, it is known that transport from the TGN to the PM takes place through
different carriers, which were firstly described as “pleomorphic tubular-vesicular
carriers”, for being heterogeneous in size and shape. First studies were performed
with temperature sensitive vesicular stomatitis virus G protein (tsVSV-G),
characterized for having a folding defect at 40 °C that allows for the synchronization
of the secretion. In contrast to other types of vesicles in the endo-membranous
system, no protein coat has been identified on post-Golgi carriers containing tsVSV-
G, and their size ranges between 300 and 1700 nm.®® These values are at least one
order of magnitude larger than for example clathrin-coated vesicles, involved in PM
endocytosis (60 — 100 nm), as in those cases the size is controlled by the polymerized

spherical structure of the coat.®

Further research on protein secretion revealed that the firstly-described
heterogeneous population of post-Golgi carriers indeed represent a myriad of
different carriers, with both shared and distinctive molecular machinery. Table 1
presents the classification of TGN-to-PM carriers done by Stalder and Gershlick
(2020).° This labeling is based on experimental data, meaning that secretion
pathways independently characterized in the literature, could actually correspond to
common transport routes. For instance, this could be suggested for carriers of the
TGN to the cell surface (CARTS)"" and sphingomyelin (SM)-rich vesicles’®, given that
specifically sorted cargos in SM-rich vesicles (i.e. lysozyme C) are also associated
with CARTS. However, the fact that some cargo proteins could exit the TGN through
different pathways, as suggested for VSV-G, hinders the differentiation between
them.
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Table 1. TGN-to-PM transport carrier classification. The information has been extended
by literature search, based on the differentiation made by Stalder and Gerhlick (2020).7
Carrier types are not combined unless there is strong experimental data to support it.

Transport c brote Molecular Machinery
. argo Protein
Carrier Name Suggested Role | References
Microtubule Transportto PM | 3
ARF1 Budding “
PKD Fission »
ARF1-positive
) P tsVSV-G FAPP2 Budding 76-78
carriers
PI(4)KINB Not reported 79
Dynamin |l Fission 80,81
Actin Not reported 8081
st_GRUSH
Lamp1-RUSH
.p LAMP 1RUSH Not reported - -
carriers
TfNRRUSH
Microtubule Transport to PM | &
Transport to PM
Rab6 82,83
ts/VSV-GRUSH @ and fission
CD59RVSH Actin Fission 8
Rab6-positive | TNFa®™" Myosin I Fission 8
carrers ColXFUsH KIF5B Transport to PM | &
NPY KIF20A Fission &
BONF Docking to
ELKS exocytic 82,85
hotspots
PKD2 Fission 86
PI(4)KINIB Fission 87
CtBP1-S/BARS .
_ tsVSV-G PAK Fission 8
carriers
CtBP1-S/BARS Fission 87
14-3-3y Fission 87




EQ-SM ADP/Cofilin Sorting 88
GPI-protein Actin Sorting 8
SM carriers LYZRUSH SPCA1 Sorting 8691
LPL Cab45 Sorting %2
CoOmMP Syndecan-1 Sorting %3
Microtubule Transport to PM | &
PKD Fission 7
Actin Transport to PM | 7
LYZ Myosin Il Transport to PM | 7
CARTS PAUF VAP-A/B Not reported 94
SYT2 Eg5/KIF11 Transport to PM | %
TGN46 Sorting %
Rab6A Not reported 7
Rab8A Not reported 7

Regardless of the export route, the steps leading to transport carrier biogenesis are

conserved: (i) protein sorting, (i) budding of the carrier, and (iii) fission from the

TGN membrane (see Figure 3). Accordingly, the suggested roles of each component

of the carrier biogenesis machinery, as well as other identified proteins involved in

the subsequent steps of carrier secretion have been indicated in Table 1. In the next

subsection, we provide further detail about the different steps that lead to transport

carrier biogenesis.
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Figure 3. TGN-to-PM transport carrier formation. During the sorting step, some proteins
(red and blue) are packed into the nascent carrier, while other proteins are excluded (orange).
Budding consists on the bending of the membrane, where the carrier will be formed. In
fission, the carrier is released. Transport to the PM is illustrated with an example, where a
myosin protein (black molecule) carries the vesicle along actin filaments (red filament).
Finally, fusion involves the merge of the carrier membrane with the PM, and thus releasing
of the cargoes.

6.1. PROTEIN SORTING

Sorting consists on the selective segregation and packaging of cargo proteins.
Although protein secretion was firstly proposed to be “in bulk”, and Golgi resident
proteins were suggested to rather be the ones having specific retention signals®’*,
secretion of some proteins has been proved to be regulated at the TGN level. For
instance, lysozyme C is sorted into SM-rich vesicles in a Ca**-regulated mechanism.®
Or in CARTS, the luminal domain of TGN46 is responsible of the sorting of cargos

within this type of carriers.®

6.2. MEMBRANE BUDDING

Budding consists on the bending of the membrane on the site where the carrier will
be formed. Remodeling of the membrane is achieved by the combination of a very
complex lipid mixture and the interplay of proteins. Making use of these two
elements, the cell has different mechanisms for membrane curvature generation.*
One strategy is the deformation by scaffolding of peripheral membrane proteins, as



suggested for the protein FAPP2.”’® Given that budding at the TGN level, especially
for uncoated carriers, is still and obscure process, other mechanisms of membrane
curvature generation that have been proposed in the context of budding of coated
vesicles should also be considered. These include: changes in the lipid composition,
given that the different chemical properties favor different membrane curvatures;
the influence of integral membrane proteins; or the force generation by cytoskeleton
proteins.

The previously mentioned ARF proteins are also involved in regulating carrier
biogenesis at the TGN. These proteins actively contribute to the generation of
membrane curvature’, and recruit different adaptor proteins. ARF1, ARF3 and ARF4
have been implicated in TGN export. However, pinpointing the exact place of action
of these ARFs has proven challenging.'®

ARF1 is known to recruit the adaptor protein AP-1 to the TGN'', and the
dissociation of AP-1 from the Golgi membranes requires ARF4'%, Furthermore, ARF1
and ARF4 facilitate TGN export of the B-secretase BACE1 but not the amyloid
precursor protein (APP), suggesting that specific ARFs may be necessary for the
trafficking of different cargoes (see Table 1)." ARF3 could also play a role in TGN
carrier biogenesis, since it is only localized to the TGN. Nevertheless, its high
sequence similarity with Arf1 has made it hard to discern their functional differences.

A more recent study performed by Bottanelli et al. showed the role of ARF1 in the
formation of tubular vesicular trafficking intermediates, that contain secretory
cargoes.” This was further characterized with live super-resolution microscopy, as
well as with correlative light and electron microscopy. The researchers observed
clathrin-decorated ARF1 compartments emerging from the TGN. They suggest that
this network of tubular vesicular intermediates form a new compartment for cargo
transfer to endosomes or the PM.'%

6.3. MEMBRANE FISSION

Membrane fission relies on similar mechanisms to those of membrane curvature
generation, which compromise the structural integrity of the lipid bilayer at the neck
to trigger the scission of the carrier. At the TGN, the catalytic activity of protein
kinase D (PKD) — a cytosolic protein that is recruited by binding to the lipid
diacylglycerol (DAG) — is required for the fission of some carriers, such as CARTS. It
has been shown that when expressing a kinase inactive form of PKD, some cargo
proteins are retained on tubes emanating from the TGN, and their transport is
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impaired.”” However, the specific mechanism is still not known. Another example is
the role of Rab6 and myosin Il in fission of Rab6-positive carriers, which can contain
CD59, TNFa and collagen X.

6.4. ER-GOLGI MCS IN TRANSPORT CARRIER BIOGENESIS

In the classical view of eukaryotic cells, organelles are intracellular compartments
that act independently to fulfill specific functions (see Figure 4A). The correct
functioning of the cell requires the exchange of signals between them. A new
communication mechanism was observed in the 1960’s, which is nowadays
challenging the classical model of “one organelle — one cellular function”: direct
contact between organelle’s membranes. In the so-called membrane contact sites
(MCS), membranes of different organelles or compartments come to close
apposition (~10 - 30 nm apart) by protein-protein and/or protein-lipid interactions,
without fusing together.'®

Given the transient and dynamic nature of MCS, their characterization has been
hampered by the lack of suitable techniques with sufficient spatial and temporal
resolution. Therefore, it was not until the last decade, thanks to advances in super-
resolution fluorescence microscopy techniques, that MCS have been revealed as a
more widely spread mode of intracellular communication than expected (see Figure
4B). As more studies are being published and more functions are attributed to MCS
it is becoming clear that they are key for cell metabolism coordination and for the
cell to respond to environmental changes.

MCS between the ER and the Golgi form between the ER and the trans-Golgi
cisternae and/or the TGN, two sub-compartments of the Golgi. Given the dense
environment where the Golgi mainly localizes, this type of contacts has been more
difficult to study, and much less is known as compared to other MCS. In the recent
years, research mainly focused on the identification of the proteins involved in these
MCS. ER-Golgi MCS are established by the tethering between the ER-localized
components VAMP-associated protein A (VAP)-A and -B, and a number of Golgi-
associated proteins, such as the oxysterol-binding protein (OSBP), different OSBP-
related proteins (ORPs)'%, and the ceramide transfer protein (CERT)' (see Figure
5). Common to these Golgi-associated proteins is their ability to transfer lipids
between these two organelles. In particular, CERT transports ceramide from the ER
to the TGN'”, whereas OSBP shuttles cholesterol from the ER to the TGN and PI4P
in the opposite direction'®. PI4P can then be dephosphorylated by the phosphatase
activity of Sac1 at the ER side."® This PI4P cycle creates a gradient of lipids (such as



cholesterol and ceramide) in the membranes of the early secretory pathway, thereby
contributing to maintain organelle identity. Therefore, the main function of ER-Golgi
MCS known to date is the regulation of Golgi lipid homeostasis.
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Figure 4. Model of a mammalian cell, organelle organization. A. Classical view of the cell,
where each organelle is an independent entity in charge of a specific function. (Modified
from Phillips, M. J. and Voeltz, G. K. Nat Rev Mol Cell Biol. (2016))'°. B. The cell is a very
crowded environment. Organelles communicate with each other and work together for the
survival of the cell. A newly discovered mechanism is the establishment of MCS. The ER
stands out, as it makes multiple contact sites with many organelles in the cell, behaving as a
regulator of other organelles. (Taken from Phillips, M. J. and Voeltz, G. K. Nat Rev Mol Cell
Biol. (2016))'°.

However, further studies are being performed in order to identify further roles of
ER-Golgi MCS. We focus on their role in transport carrier biogenesis. Indeed, a
specific type of carriers, the already mentioned CARTS, has been shown to require
the establishment of ER-Golgi MCS. Silencing of the MCS components VAP-A and
VAP-B'", as well as stabilizing OSBP and CERT with the PH-FFAT domain (pleckstrin
homology domain and two phenylalanine in an acidic tract motiv), results in lower
secretion of the protein PAUF, and reduced formation of CARTS.""? Similar
observations have been made when using 25-hydroxycholesterol (25-HC), an
oxysterol that is able to bind OSBP with high affinity, and block it in the bound
conformation to VAP. This binding inhibits the VAP/OSBP-mediated sterol
transfer.'® We have yet to determine the specific role that MCS play in CARTS
formation and the impact of their lipid transfer function. They may be involved in
protein sorting, or the successive steps of membrane budding and/or carrier fission.

A direct link can be established between this lipid transport function and fission of

the carriers. OSBP facilitates CERT-mediated ceramide transfer''®, which together
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with phosphatidylcholine, can then be converted into sphingomyelin and
diacylglycerol (DAG)."”'* DAG not only promotes negative curvature in
membranes'"”, but also recruits and activates PKD.""® As already mentioned in this
section, PKD is required for CARTS fission at the TGN.”"1"7-120

ER

ceramide,

PI4P cholesterol

ron [

Figure 5. Proteins localized to ER-Golgi MCS. VAP-A/B is an ER transmembrane protein
that serves as a picket for other MCS proteins. CERT binds to VAP-A/B and to PI4P at the
TGN side, and transports ceramide from the ER to the TGN. OSBP also binds to VAP proteins
and to PI4P at the TGN side. It transports cholesterol from the ER to the TGN, and PI4P in
the opposite direction. PI4P at the ER can then be dephosphorylated by Sac1. (Modified from
Masone, M. C. et al., FEBS Letters (2019)'2").

7. TRANSPORT AND FUSION AT THE PLASMA MEMBRANE

The above-mentioned carriers need to be physically transported to the PM, and
motor proteins are known to facilitate this transport. In the past, it was suggested
that vesicle movement across long distances occurs via microtubules, facilitated by
kinesin and dynein motors, while transport over short distances is carried out on
actin filaments, driven by myosin motors.'®

More recent studies have tried to link the different types of cargo and receptors with
each motor protein (see Table 1). For instance, actin and myosin Il are essential for
PM export for CARTS,”" while Rab6-positive carriers depend on microtubules.®” Yet,
several critical questions remain unanswered in this field, including how motor
protein activity is regulated, whether specific motor proteins are required at each
membrane sorting step, and if so, which ones are involved.'®

Once at the PM, vesicles tether at the delivery sites. This capture of the arriving
vesicles is essential for a correct vesicle targeting and fidelity of cargo delivery. On



the plasma membrane, two molecular tethers have been identified: ELKS protein
(also reported as ERC, RAB6IP2 or CAST), and the CATCHR protein complex exocyst.
The first is implicated in the secretion of neuropeptide Y in Rab6, MICAL3 and Rab8
positive carriers, and synaptic vesicle tethering to the plasma membrane in neuronal

cell model 828>

On the other hand, the CATCHR protein complex exocyst localizes to the Golgi, and
plasma membrane, as well as at vesicle fusion points. Although the role of the
exocyst complex in the secretory pathway had already been well established in S.
cerevisiae, studies had been hampered by the fact that loss of the exocyst complex
is lethal in cultured cells. It was a recent study performed by Pereira et al. that
showed the importance of the exocyst complex in the mammalian constitutive
secretory pathway. Consecutive transient depletion of multiple exocyst subunit
resulted in cargo accumulation in post-Golgi cariers.'®*

The core machinery for vesicle fusion with the plasma membrane involves a family
of proteins known as SNAREs (Soluble NSF Attachment Protein Receptors). Although
the best-known SNAREs and other fusogenic complexes have been studied in the
context of transport from the ER to the Golgi'®, there is a lot of interest in depicting
the molecular mechanism at the PM level. There are two types of SNARE proteins;
v-SNAREs (vesicle SNAREs) located on the vesicle; and t-SNAREs (target SNAREs),
located on the target membrane. The interaction between these two types of
proteins, drives a zippering action, that brings the vesicle close to the membrane,
facilitating fusion.'?® It has been reported that a single SNARE complex is enough to
trigger liposome fusion.’?” However, fast vesicle fusion in living cells requires at least
three SNARE complexes.'?®

This whole process of vesicle docking, SNARE complex formation and fusion is
regulated by Rab GTPases, a large family of small GTP-binding proteins. In this
context it needs to be outlined the role of the protein Rab6A/A’, which is associated

with secretory vesicles that fuse directly with the plasma membrane 82%

8. CONCEPT OF THE THESIS

Intracellular trafficking, and more specifically protein secretion, remains a field with
numerous unanswered questions and challenges. At each step of this route, there
are models that are being constantly challenged, and processes that are still not fully
understood. The aim of this thesis is to provide tools and evaluate the already
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available ones for a quantitative investigation of these processes through
fluorescent microscopy. Such a quantitative approach benefits from two sides:

() The capacity to provide a detailed quantitative characterization of molecular
dynamics, interactions, and spatial distributions can help to the mechanistic
understanding.

(it) It contributes with objective measurements that removes subjective biases and it
allows for accurate comparisons between different experiments and conditions.

A detailed description of the fluorescence microscopy techniques, the
computational analysis and the biological tools is provided in Chapter 2. The first
chapter with our original results, Chapter 3, is focused in the second point above.
By using image analysis and quantification, we helped evaluate fluorescence
microscopy datasets in an objective and unbiased manner. Very similar but
complementary approaches were used in four different projects that aimed to
resolve specific questions in the field of protein secretion and intracellular trafficking.
The approaches included: (i) quantification of the colocalization and proximity of
structures recorded in different fluorescent channels; (ii) measurement of the
fluorescent intensity differences at different cell compartments, and under different
experimental conditions; and (iii) characterization of the dynamics of different
subcellular structures important for membrane trafficking such as transport
nanotubule carriers or secretory transport carriers.

Chapters 4 and 5 are rather centered in the first objective, aiming to develop new
experimental and imaging approaches for the characterization of protein dynamics
within the ER and the Golgi apparatus, that can help unravel the molecular
mechanism behind protein secretion. Chapter 4 aims at describing the possible
challenges associated to the application of single particle tracking (SPT) in the
secretory pathway, and proposes control experiments and analysis pipelines for an
unbiased and artifact-free analysis. Building from that, Chapter 5 applies the
previously developed methodology for the characterization of the protein
distribution in the TGN. As a complementary tool, we also used STED microscopy in
fixed and live-conditions. The aim is to bring light into the process of protein sorting
by quantitatively describing the motion and the ratio of molecules in each kinetic
state.
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Chapter 2

Introduction to the Techniques

This chapter details and places in context the diverse set of experimental and analytical
tools as well as methodologies employed in the thesis. These include (i) different
fluorescence microscopy techniques that enable a quantitative characterization of the
spatio-temporal dynamics of cellular components, (i) automated image analysis and
quantification algorithms, and (iii) biological methods tailored to the study of the
secretory pathway. The fundamentals of each technique are explained in detail,
highlighting the technical advancements that led to the tools that we are able to use
today.

The selection criteria for these modern tools were guided by three main objectives: (i)
achieving the highest spatial and temporal resolution possible, (i) enabling
quantitative and automated analysis for objective and reproducible outcomes, and,
when feasible, (iii) allowing for live-cell characterization of the biological processes
under investigation.






1. SELECTION OF THE METHODOLOGY

The set of tools used in this thesis include different fluorescence microscopy
techniques, different image analysis and quantification algorithms, as well as the
biological tools tailored for this study’s needs. The selection of these tools has been
made to fulfill the following requirements:

(i) Achieving the highest resolution possible by the microscopy techniques. We aim for
techniques that are capable of capturing details of the cellular structures — as for the
case of stimulated emission depletion (STED) microscopy — or very precisely
determining the position of single protein molecules — as it is the case for single
particle tracking (SPT).

(i) Enabling a quantitative and automated analysis for non-biased and reproducible
results. Quantitative data analysis is nowadays more crucial than ever before to
better understand and rationalize microscopy datasets. Current computational
advancements are allowing to extract more and more meaningful information, and
therefore allow us to drive further conclusions and formulate new hypotheses.
Moreover, automation in data analysis helps to standardize the quantification
process, reducing human biases and variability in interpreting the results.

(ii) Compatible with live-cell characterization of the biological processes. The
biological methods and the microscopy techniques should allow to monitor the
biological processes in living cells, in order to get an insight to their functioning in
a state similar to their natural environment.

2. INTRODUCTION TO OPTICAL MICROSCOPY

Despite the advancements in terms of resolution of electron microscopy, a vast
amount of the research in cell biology is still performed with microscopes that utilize
light and conventional lenses. There are several reasons that can make this strategy
a preferable one for multiple studies. The first one is that visible or far-red
wavelength light is not invasive, meaning that these types of light do not damage
or interfere with cellular processes, and are therefore compatible with live-cell
imaging. Secondly, cells are optically transparent, and therefore it is possible to
image the intracellular compartments by means of light. Finally, it is compatible with
fluorescent tagging, which allows the specific labeling of very specific molecular
species, usually very specific proteins, that serve to visualize specific compartments.
Moreover, it is to be mentioned its versatility, ease of use, and ease of
implementation of optical microscopy.
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However, in 1873, Abbe’s work concluded that the smallest distance that can be
resolved between two points in an optical system is proportional to the wavelength
of the used light () and inversely proportional to the numerical aperture (NA) of the

imaging lens.’
A
d=~ NA )]

This imposes a so-called diffraction limit of ~180 nm, in an ideal scenario using light
of 500 nm wavelength and an oil objective with 1.4 NA. However, in practical,
conventional microscopes, resolutions better than 200-250 nm are rarely achieved
due to various practical limitations such as the quality of the optical components,
alignment, and environmental conditions. Consequently, many efforts have been
devoted over the last decades to overcome this drawback.

2.1. FLUORESCENCE MICROSCOPY

Improvements in resolution and contrast in optical microscopy were mainly given
by advancements in the field of fluorescence microscopy. Fluorescent molecules
have been instrumental because they emit a large number of photons upon
excitation with a specific light wavelength, and they can be used to tag very specific
cellular molecules. This results in very high contrast images, that report on the spatial
distribution of the labeled molecules in a very specific manner. Moreover, because
there are a large number of fluorescent molecules with specific excitation and
emission spectrum, fluorescence microscopy allows to image multiple of these
molecules simultaneously (multi-color fluorescence microscopy).

In order to understand what the phenomena of fluorescence is, we first need to
make a short reference to the absorption of light. Absorption is a phenomenon that
occurs when photons interact with a molecule or atom causing a change (transition)
in its energy states. Radiation is absorbed when it has an energy equal to the
transition energy. As different kinds of electronic transitions can exist in complex
molecules, the electromagnetic radiation can trigger different kinds of transitions
depending on its wavelength and, thus, its energy: electronic, vibrational, rotational
or translational transitions.?

When irradiating a fluorescent molecule, if the incident light possesses the energy
required to trigger the excitation of electrons (electronic transition) from a ground
energy level (So in Figure 1) to an excited energy level (S1 or S; in Figure 1), then



the molecule will get excited. Once in the excited state, the electron can follow
different relaxation and decay transitions before returning to the ground state So.
Firstly, the electron reaches the lowest vibrational energy level of the excited state
through the production of heat, the so-called vibrational relaxation. It can undergo
internal conversion, transitioning from one excited electronic state to a lower excited
electronic state (for instance from S, to S+ in Figure 1). Then, it can reach the ground
state through multiple different paths indicated in Figure 1. We refer to fluorescence
emission, when the transition from S; to So occurs in a radiative manner.? This
process can be repeated multiple times, therefore emitting multiple photons.

When a fluorescent molecule loses its ability to fluoresce, one can refer to it as
photobleaching. This phenomenon can also be placed within this context of energy
states transitions. When the fluorophore absorbs photons, it can undergo
photochemical reactions that ultimately lead to the change of the fluorophore
chemical structure and the termination of fluorescence. Photobleaching is a very
important concept in fluorescence microscopy, because it limits the imaging time,
and indirectly the spatial resolution and contrast of images.

Energy Levels
— Absorption (1015 s)
Fluorescence (1019~ 107 s)
SZ - SN — Phosphorescence (10€-10s)
—_—— A\ Internal Conversion (1011109 s)

Vibrational Relaxation (1012~ 101%s)
A NN Intersystem Crossing (101°0- 108 s)

S = VAN =
> 1 T "

v v
S0

Figure 1. Jablonski diagram. The electrons can be excited by absorption of light (blue
arrows), and the decay of the electron can take place through different paths: there is always
vibrational relaxation (yellow arrows) followed by several alternatives that include
fluorescence (green arrows that go from S1,0 to S0), non-radiative relaxation (yellow arrow,
from S1,0 to S0), and quenching (not shown in the figure). The electron can also transition
from a higher energy lever to a lower energy level before the mentioned decays (violet arrow
from S2 to S1). The electron can also go to the triplet state by intersystem crossing (cyan
arrows) and, eventually, reach the ground state though non-radiative relaxation (yellow
arrow, from T1 to SO) or phosphorescence (red arrows, from T1 to SO). (Taken from 3).
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For a given fluorescent molecule, there is not a single discrete wavelength of light
that triggers the transition to an excited state. Excitation by some wavelengths is
more probable than others, and this is depicted by the excitation spectrum of the
molecule. Similarly, the wavelength of the emitted fluorescent photons is not
discrete, but rather presents a range of emitted wavelengths, each with a given
probability, as shown by the emission spectrum. Importantly, the emission spectrum
is independent of the excitation wavelength that is used. The reason for it is that,
though while exciting with light of different wavelengths the electrons go to
different excited energy levels, the vibrational relaxation makes that the fluorescence
takes place from the lowest excited state S;. And a similar explanation can be given
to understand why the emission spectrum does not consist in a single peak: it is
possible to go to a range of Sy vibrational levels from the Sy level.?

Considering the relaxation events (associated with energy losses) that occur before
fluorescence emission, it is straightforward to realize that the emitted fluorescence
photon is of lower energy and, thus, its emission wavelength is longer. Therefore,
the peak of the emission spectrum is red shifted. This phenomenon in called Stokes
shift (see Figure 2).2
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Figure 2. Excitation and emission spectra of the green fluorescent protein (GFP). E. coli-

generated GFP (solid lines) and purified A. victoria L form GFP (dotted lines). The left

spectrum corresponds to the excitation wavelengths, and the right spectrum corresponds to

the emission wavelengths, which is red-shifted according to Stokes’ shift. (Taken from

Chalfie, M. et al., Science (1994)%).

There is a rate coefficient associated to each of these relaxation processes, derived
from the fact that they are not equally probable. For example, the rate for the
relaxation through fluorescence (i.e. by the emission of photons) is kp, whereas the
rate for a non-radiative decay is k,,,.. Considering only these two possible decays are



the most probable, the depopulation of the excited state is described by differential

equation:
d
aN1 = —kp Ny —kpy - Ny (2)
where N; is the number of molecules in the excited state S1. The solution of the
equation is:
() 3
Ni() = Ny (0) - €7 )

where N; (0) is the number of molecules that were initially in the S1 state, and 7 is
the fluorescence lifetime, given by the inverse sum of all radiative and non-radiative
rates:

1

v hn @

TF

Another important parameter in fluorescence microscopy is fluorescence intensity
(Ir). 1t corresponds to the number of emitted photons, and is proportional to the
excitation power (I;;,), the absorption cross-section (o) and a constant called
quantum yield (¢).

[p~Iino ()

The absorption cross-section (o) is a measure of the probability that a photon will
be absorbed by the molecule. The quantum yield is the number of emitted photons
relative to the number of absorbed photons, and it is characteristic of each
fluorophore.

number of emitted photons kg

(6)

F = number of absorbed photons - ke + ky,

2.2. FAR-FIELD OPTICAL MICROSCOPY

When a beam of light is focused, the lens causes the light waves to undergo
constructive interference at a point in space, creating an intensity pattern, I(x, y, z),
with a peak known as the point spread function (PSF). The diameter of this spot at
the full width half maximum (FWHM) is approximately:

Ar =~ 1/(2n sina) (7)
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in the focal plane, and:
Az =~ 1/(n sin’a) (8)

along the optical axis. 4 is the wavelength of the light, @ corresponds to the aperture
angle of the lens, and n is the refractive index. Since all fluorescent emitters within
this focal spot are illuminated, and therefore can emit light, simultaneously,
distinguishing them individually becomes nearly impossible.®

Much of the research to overcome this limitation had initially focused on the so-
called near-field scanning optical microscopy (NSOM), which detects non-
propagating light waves from the sample surface with a nanosized aperture tip.
However, this technique is limited to the visualization of the cell surface that is very
close to the tip, and therefore research in biological sciences has continued to
depend on developments in far-field optical microscopy.

Having the diffraction barrier in mind, numerous optical implementations aimed at
increasing the contrast. Noise decreases the signal-to-noise ratio (SNR), effectively
broadening the PSF, and consequently reducing the resolution. Two strategies,
implemented in far-field optical microscopy, stand out for effectively reducing out-
of-focus fluorescence, and thus noise: confocal fluorescence microscopy and total
internal reflection fluorescence (TIRF) microscopy. Their contribution extends
beyond contrast improvement, because they also laid the foundation for
implementing some of the super-resolution microscopy techniques.

Confocal fluorescence employs a pinhole aperture at the confocal plane of the
detector, which only allows light from the focal plane (or very close to it) to reach
the detector. This spatial filtering significantly reduces the contribution of out-of-
focus light, enhancing the axial resolution. When combined with point-wise
excitation and detection with a scanning approach, the technique is called confocal
laser scanning microscopy, and the overall detected intensity distribution is
approximately the square of the excitation intensity distribution.

106,,2) * Iem(x,y,2) = I*(x,y,2) 9)

being I(x,y,z) the illumination intensity, and I, (x,y,z) the emitted intensity. This
multiplicative effect arises because both the illumination and detection are confined
to the same small region, enhancing the precision and clarity of the detected signal.

TIRF microscopy relies in a completely different physical mechanism, which is
directly related to the refraction of light. When light propagating through a medium



of high-refracting index encounters an interface with a medium of lower refractive
index, it is either reflected or refracted according to Snell’s law:

Ny -sin@; = n, -sinf, (10)

where n,; andn, are the refractive indices of the high- and low-refractive index
media, respectively, and 6, and 6, are the angles of the incident and the refracted
rays, respectively, both relative to the normal to the interface. When n; > n, and
6, > 6. (the critical angle), total internal reflection occurs in medium 1, as seen in
Figure 3. The critical angle is given by this equation:

0. = sin"1(n,/n,) (11)
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Figure 3. Schematic representation of the refraction of light at the interface between
two media, including total internal reflection. (Taken from ©).

However, some of the incident energy manages to penetrate through the interface,
and propagates parallel to the surface in the plane of incidence. The created field,
known as the “evanescent field”, is capable of exciting fluorescent molecules that
are located close to the interface between the two materials.” The intensity of this
evanescent field decays exponentially with the distance z from the interface, as
shown in this equation:

1(z) =1y-e %% (12)
where d,, is the characteristic penetration depth (d,), given by:

Ao/
d. = o/M

* i /sinZG - (Z—;) (13)
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where 4, is the wavelength of the incident light in vacuum, so before it enters the
medium with refractive index n, n, is the refractive index of the medium into which
the light is penetrating (water in this case), and 0 is the angle of incidence of the
light with respect to the normal to the interface between the two media.

TIRF manages to reduce the out-of-focus excitation, and in consequence the
background, because the excitation of fluorophores far from the surface is strongly
reduced. However, this also means that imaging is limited to the cell surface.

To bypass this inconvenience, another strategy was proposed: highly inclined and
laminated optical sheet (HILO) illumination.® In this illumination scheme, the laser
beam is displaced from the center of the objective so that it is refracted on the
surface, similarly to TIRF. But in this case the critical angle is not reached. The
inclination of the beam, creates a laminated sheet at the specimen side, that
minimizes the illumination area.
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Figure 4. Highly Inclined and Laminated Optical sheet (HILO) microscopy. a. Positioning

of the laser beam in HILO and Epi and TIR illumination. In HILO, the laser beam is slightly

displaced (x) from the center of the objective, but not enough to TIR. b. Optical sheet going

through a sample. dz is the thickness of the sheet, 0 is the incidence angle, and R is the

diameter of the illuminated area. (Taken from Tokunaga, M. et al,, Nature Methods (2008)8).

The thickness of the sheet along the z-direction (dz) is given by:
dz=R/tanf (14)

where R is the diameter of the illuminated area, and 6 is the incidence angle (see
Figure 4). Another feature is that the illumination beam always passes through the
center of the specimen plane, even when changing the position of the objective
along the z-axis (i.e. when changing the focal plane).



3. SUPER-RESOLUTION FLUORESCENCE MICROSCOPY

The strategies explained above efficiently increase the SNR, however, they are still
limited by the diffraction limit given by Abbe's equation. From the mid-late-20™
century, several approaches aimed at overcoming the diffraction limit. The
development of super-resolved fluorescence microscopy led Eric Betzig, Stefan W.
Hell, and William E. Moerner to be awarded the Nobel Prize in Chemistry in 2014.

On the one hand, stimulated emission depletion (STED) microscopy achieved super-
resolution by implementing scanning and reducing the focal spot size (further
explained in the following section).’ On the other hand, stochastic optical
reconstruction microscopy (STORM)', and photoactivated localization microscopy
(PALM)"" simply used a time-sequential readout of the single fluorophore locations.

All of these microscopes rely on the same basic principle, some fluorophores stay
on, while the surrounding ones remain off. This sequential activation (as for STORM
and PALM) or depletion (as for STED) is very useful to increase spatial resolution, but
inevitably limits the temporal resolution. Therefore, most of the biological research
using these techniques is still performed on fixed cells, given that live-cell imaging
with these methods can suffer from artifacts, reduced resolution, and phototoxicity,
making it challenging to study fast or transient biological events effectively.
However, while challenging, the use of super-resolution microscopy techniques for
live-cell imaging is becoming more and more feasible, as we will show in this Thesis."

3.1. STIMULATED EMISSION DEPLETION MICROSCOPY

Stimulated emission depletion (STED) microscopy was proposed in 1994 by Stefan
W. Hell.? The initial publication claimed a gain in the resolution by a factor of 4.5,
but nowadays this factor is considered to be around 10 (from 200 nm to 20 nm
spatial resolution).

STED is based on a conventional confocal laser scanning configuration, with an
additional doughnut-shaped laser beam overlapped with the excitation one that
depletes the fluorescence by transitioning excited fluorophores to the ground state
via stimulated emission. This way, fluorophores within the rims of the STED laser
doughnut will have a longer-wavelength fluorescence emission as compared to the
central fluorophores, and therefore can be filtered out. Only the photons coming
from a sub-diffraction spot on the center of the doughnut will reach the detector.
Theoretically the spatial resolution is only limited by the intensity of the STED laser,
the higher the intensity, the smaller the effective excitation area:'?

53|Page



g~ A
- T (15)

NA 1+I_
S

where NA is the numerical aperture of the objective, I is the intensity of the STED
depletion laser, and I is the saturation intensity (which accounts for the absorption
cross-section and lifetime of the molecules).

However, instrument and dye limitations usually result on an x and y resolution
higher than 20 nm (see Figure 5). It is to be highlighted, though, that the trade-off
for a good spatial resolution in a scanning-based technique, is a decrease in the
temporal resolution to the order of seconds. Moreover, the use of very high
excitation and depletion laser powers enhances spatial resolution significantly but
also introduces challenges like photobleaching and photodamage. The
development of fluorescent molecules with superior photophysical properties, but
also other innovations such as time-gated detection™ have allowed to mitigate
photodamage and photobleaching by reducing the needed average intensity.

Excitation Excitation and Depletion

CONFOCAL
aiis

100 nm

Fluorescence Fluorescence

Figure 5. Comparison between the image acquisition in confocal laser scanning
microscopy and STED microscopy. Grey spots represent non-emitting fluorescent
molecules. The size of the fluorescent molecules is larger than reality for a proper
representation. Left: Confocal laser scanning microscopy. Effective illuminated area (green)
and resulting fluorescence (magenta). The effective PSF has a width of about 250 nm. Right:
STED microscopy. Effective illuminated area (green) and resulting fluorescence (magenta).
The doughnut-shaped depletion laser (red) reduces the effective excitation area to about 50
nm. Middle: Example image of PAUF protein within the Golgi apparatus. The top left corner
shows the imaging performed with confocal laser scanning microscopy, and the lower right
corner shows the imaging performed with STED microscopy.



Although initially applied on fixed cells using antibody labeling, the introduction of
silicon-rhodamine (SiR), a far-red, cell permeable, and STED compatible organic
fluorophore pushed STED nanoscopy to live-cell imaging." Nowadays, there is a
range of commercially available probes designed for multicolor live-cell STED
imaging.” They are commercially available from Abberior GmbH and freely available
for research uses from Howard Hughes Medical Institute (Janelia Fluor dyes).
Moreover, these can be found conjugated to the ligands of the self-labeling tags
Halo and SNAP. This strategy is key for intracellular labeling in live-cell imaging
(further explained in Section 6).'®

Since STED is implemented in a confocal configuration, is has 3D capabilities,
allowing the visualization of internal cell compartments. Recent implementations
allow to increase the resolution not only in the xy plane, but also in the z direction.
This has been achieved by using a phase mask that creates a ring-shaped depletion
profile, with two additional high-intensity lobes above and below the center of the
ring."”” The latest commercial STED setups, such as the INFINITY platform from
Abberior, achieve an isotropic resolution better than 75 nm in all directions in the
3D mode. However, it is to be noted that given it is a scanning-based technique, a
3D image is obtained by sequentially stacking thin 2D planes, which again
compromises the temporal resolution.

4. FLUORESCENCE MICROSCOPY FOR THE STUDY OF
PROTEIN DYNAMICS

Fluorescence microscopy has been crucial not just for obtaining high-resolution
images, but also for advancing a significant area of biophysics research interested
in the dynamics of molecules within cells. The ability to visualize and distinguish
individual molecules in the native environment of living cells provides a more
quantitative and precise understanding of the spatiotemporal dynamics that govern
cellular functions.

One of these techniques is fluorescence recovery after photobleaching (FRAP), used
from the 1970s, which measures the rate of recovery of fluorescence after
photobleaching a uniformly distribution of fluorescent molecules.'?° The velocity
at which the surrounding fluorescent molecules re-populate the bleached spot is
directly proportional to their diffusion coefficient and the instantaneous velocity. It
has led to multiple contributions on the understanding of protein and lipid
dynamics, organelle communication and directionality of intracellular trafficking
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pathways.?" Its main limitation, though, is that it only provides information about the
ensemble dynamics of the molecules.

Fluorescence correlation spectroscopy (FCS) is also widely used to investigate the
mobility, interactions, aggregation and polymerization of molecules. Broadly, FCS
analyzes the fluctuations of the fluorescence intensity when the fluorescent
molecules diffuse through a small illumination volume. The autocorrelation function
of the fluorescence fluctuations allows to extract the mean dwell time of the
molecules, that is directly linked to the diffusion coefficient.?> However, this
technique is still limited by diffraction. It is to be noted though, that the combination
of FCS with NSOM or STED microscopy has allowed to use excitation volumes
smaller than the diffraction limit.?*%

IMAGING LOCALIZATION

prd y
Gaussian fit

TRACKING

Figure 6. Single particle tracking. Top left: Images of sparsely distributed, diffraction-
limited spots are taken over time. Top right: The center of mass is determined commonly
by Gaussian fitting. Bottom: The spots are connected in a frame-to-frame basis to
reconstruct the trajectories (colored lines).

A different technique that has been extensively used for the study of individual
molecular dynamics within cells is single particle tracking (SPT). It relies on the spatial
isolation of the individual fluorophores, usually by sub-labeling of the molecule of
interest with lower concentrations of the fluorescent probe. Although this technique



does not physically overcome the barrier of the diffraction limit, the sparse
distribution of the emitters allows the determination of the centroid position of the
PSF, commonly by fitting Gaussian functions. Therefore, the positional precision of
this technique is far beyond the resolution limit — typically between 20 to 50 nm —,
mainly depending on the SNR of each spot. After spot detection and centroid
position determination, localizations obtained over time are linked in a frame-to-
frame basis (see Figure 6).”> The temporal resolution is also in the order of tens of
ms, basically limited by the integration time of the camera, and the brightness of the
fluorophore, since the brighter the fluorophore the shorter it is necessary to
integrate the signal and achieve the desired localization precision.

A recent development worth noting combines the principles of STED microscopy
and single particle tracking. Minimal photon fluxes (MINFLUX) microscopy localizes
photon emitters in space by probing the emitter with doughnut-shaped excitation
beam, with a central intensity minimum. Since the fluorescence intensity drops to 0
at the exact molecular position, it is possible to very precisely localize it. The initial
publication reported a ~1 nm localization precision, and 6 nm spatial resolution,
with 22 times fewer photons than for centroid localization.?® MINFLUX has been
recently used to observe the movement of the molecular motor kinesin-1 on
microtubules, and it was possible to discern up to 1.7 nm displacements with 1 ms
time resolution.?” The same protein was also tracked within living cells, and in 3D.
This technique, thus, outperforms traditional centroid fitting. However, using a
single doughnut-shaped excitation beam to follow the movement of a molecule has
an obvious drawback: the low throughput. Until new implementations are
developed, it is hard to believe that MINFLUX will replace classical SPT, which is
valued for its simplicity, ease of implementation, and high throughput.

4.1. SINGLE PARTICLE TRACKING

SPT was first presented as “nanovid microscopy”, which consisted on the tracking of
40 nm size gold nanoparticles on the surface of living cells.?**° Rapidly, this method
allowed milestones such as the tracking of kinesin along microtubules®' or
glycoproteins on cell membranes.* Due to this technique’s straightforward
implementation, many research groups worldwide focused on developing
algorithms for reconstructing trajectories and analyzing diffusion in two- and three-
dimensional systems.

Nowadays, this technique is performed using fluorescent reporters, that are excited
using a laser beam. The emitted fluorescence is filtered out from the excitation light
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and detected using a camera detector with high quantum yield and fast frame
transfer, such as electron-multiplied charge couple device (EMCCD) cameras. A high
NA objective (higher than 1.2) collect the largest possible number of emitted of
photons. Moreover, TIRF illumination is commonly used to reduce the out-of-focus
fluorescence and increase the SNR. The same illumination scheme usually allows the
displacement of the laser beam to achieve HILO, and therefore illuminate higher
planes inside the cell. Alternatively, light sheet illumination can be used to provide
a better optical sectioning.”®

As highlighted before, the performance of SPT is closely linked to the performance
of the fluorescent reporters. Brightness and photobleaching rate determine the
localization precision and the tracking time, respectively. When using fluorescent
dyes attached to antibodies, or fluorescent proteins encoded within the protein of
study, the localization precision is restricted to around 20 to 50 nm, and the number
of photons before photobleaching is in the order of 10° to 10°2* General strategies
to improve these two parameters are the addition of multiple fluorescent molecules
to a single antibody, or the conjugation of quantum dots to antibodies,
semiconductor nanocrystals that have superior photostability and brightness.*®
However, all these tools require the use of antibodies, which cannot cross living cells’
membrane, and therefore limit the study to membrane molecules, and from the
extracellular side. Luckily, this technique is also benefiting from the continuous
development of fluorescent organic dyes compatible with in super-resolution
microscopy. As mentioned before, it is possible to find commercial organic dyes of
a wide range of absorption and emission spectra, which can be conjugated to the
Halo or SNAP ligands.’®

SPT also requires the sparse distribution of fluorescent molecules for the proper
fitting of the centroid position. This is usually achieved by labeling a small subset of
the molecules, also referred to as sub-labeling conditions, with nano molar
concentrations of dye, or by waiting for the photobleaching of most of the
fluorescent molecules (either fluorescent dyes or expressed fluorescent proteins). A
different approach that combined PALM with SPT, named sptPALM, was presented
in 2008 by Manley et al. The sequential photoactivation of the fluorescent protein
EosFP allowed to track the proteins VSV-G and HIV-1 Gag on the plasma membrane.
Though each trajectory was lasting around 1 second, the sequential photoactivation
of the fluorescent protein allowed to harvest many more trajectories, and to even
reconstruct a spatial map of diffusion coefficients.>* These fluorescent proteins are



nowadays being replaced by the photoactivatable versions of the JF dyes, that as we

mentioned before can be synthesized as Halo and SNAP ligands.'®*

Finally, it is worth mentioning the many efforts that have been devoted to track
molecules in 3D, which can be especially important for intracellular dynamics. The
initial methods used confocal set ups and stacked multiple z-planes.®*® However,
temporal resolution was a drawback. Keeping the simplicity of wide-field
illumination, combined with TIRF, HILO or light sheet illumination, PSF engineering
approaches managed to achieve higher temporal resolution. A cylindrical lens
generates axial astigmatism in the collected image, and therefore the 3D
information is encoded in the detected PSF shape. However, these approaches are
complex in terms of both optical implementations and algorithms to analyze the 3D
trajectories. Another method, developed by Sims et al., named single molecule light
field microscopy, segments the back focal plane with microlenses to capture
multiple 2D views of the same fluorophore, enabling precise 3D localization through
parallax and a fitting algorithm. This technique achieves up to 20 nm precision over
a 6 ym depth and improves imaging speed and density, demonstrated in whole-cell

imaging and high-density volumetric datasets.>"3®

4.2. QUANTIFICATION OF SINGLE MOLECULE MOTION

As already mentioned, studying the motion patterns of molecules within cells is of
high interest in biophysics, since they are a read-out of the medium properties in
which they move, and report on interactions of this molecule with the system. The
motion of molecules has been long studied as random walks, a mathematical model
characterized by an erratic change of position over time.***° The space explored by
a random walker over time can be measured by the mean squared displacement
(MSD), which describes the average extent of space explored by a particle as a
function of time.
1 N-m
MSD(® = 37— Z [x;(t; + mAt) — x;(£)]? (16)
i=1

where x; is the position of the j-th particle at time ¢;.>*'

The MSD grows linearly for Brownian walkers, and can be calculated as the variance
of the diffusion equation:

MSD(t) = 2dDt (17)

where d is the dimensionality of the space, and D is the diffusion coefficient.>*’
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Deviations from such linear behavior have been experimentally observed and
referred to as anomalous diffusion. It is described by a power-law with an exponent
called anomalous exponent or alpha coefficient (a): with 0 < a < 1 for subdiffusion,
a = 1 for Brownian motion, and a > 1 for superdiffusion.

MSD(t) = 2dKt* (18)
where K is the generalized diffusion constant.?>#'

Calculating the diffusion coefficient (or the generalized diffusion constant) and the
anomalous exponent is key to characterizing the motion of molecules. An
approximation in order to get the diffusion properties of single trajectories assumes
that the ensemble-averaged MSD and the time-averaged MSD (TA-MSD) are
equivalent, and therefore can use the information contained within a single
trajectory to fit alpha and the diffusion coefficient.

N-m

Z [x;(t; + mAt) — x;(£)]? (19)

i=1

1
N—m

TA — MSD(t1q, = mAt) =

where x; is the position of the j-th particle at time t; or (t; + mAt), and ¢4, is the
interval over which the displacement is measured. It is defined as t;,, = mAt, where

m is an integer multiple of the time step At.>*

And the diffusion coefficient and alpha exponent can still be extracted with:
MSD(t1qy) = 2dKt15,* (20)

Fitting these two parameters with the MSD equation seems a feasible task. However,
there are some associated difficulties:**

(i) Finite statistics within a single trajectory. To perform accurate fitting, it is necessary
to have a significant number of datapoints. The time-averaging performed for each
single trajectory, establishes a direct link between quality of the fitting and trajectory
length.

(it) Localization error or precision. The position of the fluorophore at each time point
is determined by fitting the observed point spread function (PSF) to a model. The
accuracy of this position is quantified by the localization error, which is given by the
standard deviation of the fitted positions. This standard deviation reflects the
precision of the measurement, indicating how much the determined position of the
fluorophore varies around the true position due to factors like noise and fitting
accuracy. The standard deviation scales with the inverse square root of the number



of detected photons. The localization error sets a minimum diffusion coefficient that
the system is able to distinguish.

(ii) Dynamic localization error. Each acquisition is taken while the molecule is
moving, and therefore it is only possible to measure a temporal mean position. This
introduces a negative bias to the position.

(iv) Non-ergodic processes. Ergodicity breaking refers to the non-equivalence of
time-averaged properties of a single particle’s trajectory, and ensemble-averaged
properties of many particles in the same system. This discrepancy arises due to
various reasons, such as heterogeneous dynamics, energy barriers, or long-term
correlations in the particle’s movement. In non-ergodic systems, the TA-MSD can

exhibit a linear behavior in the long-time limit, even when o is not equal to 1.*

(v) Heterogeneity in the diffusion behavior. It is possible that the tracked molecule
changes its diffusion behavior during the image acquisition, as a result of transient
changes in the interaction of the molecule with its environment. This can lead to
changes in the diffusion coefficient, in the anomalous exponent, in both, or even in
the underlying diffusion model (explained below). Therefore, averaging over the
whole trajectory can lead to completely wrong estimates.

Moreover, anomalous diffusion can arise due to multiple reasons. Indeed, deviation
from Brownian motion can be given by multiple different types of interactions with
the system. Depending on the underlying physical mechanism, the calculation of the
MSD might not be very informative because very different diffusion models can lead
to similar curves (see Figure 7). Some examples of diffusion models are: (i)
continuous time random walks (CTRW), in which the timing and magnitude of each
step are governed by probability distributions. (ii) fractional Brownian motion (FBM),
which extends classical Brownian motion by allowing for long-range dependence or
memory in the increments (such as displacements) of the process. Large
displacements or changes in position tend to be followed by smaller displacements,
and vice versa. (i) Lévy walks (LW), which are characterized by intermittent long
steps interspersed with short steps or periods of rest. (iv) annealed transient time
motion (ATTM), in which the movement properties change over time. The changes
in speed and the time that the particle spends moving at each speed follow certain

probability distribution.**3

Therefore, there are other parameters, different from the diffusion coefficient and
the anomalous diffusion exponent, that can provide with complementary
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information, and therefore help to interpret the underlaying physical mechanism.
These include:

(i) the instantaneous velocity, as the frame-by-frame displacement multiplied by the
frame time.

(ii) the instantaneous diffusion coefficient (D;-4), calculated from the TA-MSD, but the
linear fit is computed using the first four time lags. It is a measure of the diffusion at
short time scales.

(iii) the diffusion radius, calculated as the mean distance to the mean centroid
position of the trajectory.

(iv) the angle distribution, obtained by the calculation of the angle formed by triplets
of consecutive time points. It is a measure of confinement, since confined molecules
have a tendency to jump back, and therefore the distribution of angles is shifted to
180°.

(v) transient confinement zones detection, performed with temporal sliding windows
that calculate the probability to be within a certain region of given radius over time.
Confinement within a trajectory is detected when the particle is within this region

longer than a random diffusant would stay.**°
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Figure 7. TA-MSD of trajectories with different diffusion model. TA-MSD calculated from
single trajectories. In the left panel, one can observe two trajectories corresponding to
molecules that display different anomalous exponents (o), despite belonging to the same
underlying diffusion model. In the right panel, the anomalous exponent is the same despite
having two different diffusion models (ATTM and FBM). (Taken from G. Mufoz-Gil et al., New
Journal of Physics (2020)%°).

However, a better characterization could be done, if it would be possible to identify
the underlying physical model that describes the molecule’'s motion. In 2020, the
anomalous diffusion (AnDi) challenge aimed at finding the best algorithm for: (i) the



prediction of the a exponent, (ii) classification of the underlying diffusion model,
and (iii) trajectory segmentation (see Figure 8). After the submission by 13
participating teams, which used either classical statistics or machine learning
methods, the authors compared the obtained results. Although there was no
method that outperformed in all tasks, machine learning approaches provided the
best results overall.*

Ve AnDi challenge
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Figure 8. 1st AnDi challenge tasks and datasets. Task 1 - Inference of the anomalous
diffusion exponent. Representative trajectories and corresponding MSD for diffusive (o = 1,
blacklines), subdiffusive (0 < o < 1, blue lines), and superdiffusive (1 < a < 2, red lines)
motion. Task 2 - Classification of the underlying anomalous diffusion model. Representative
trajectories for a continuous-time random walk (CTRW), fractional Brownian motion (FBM),
Lévy walk (LW), annealed transient time motion (ATTM), and scaled Brownian motion (SBM).
Different diffusion models produce subtle changes. Task 3 - Segmentation and
characterization of a trajectory with changepoint. Trajectory switching diffusion model
and/or exponent as a result of diffusion in a spatially heterogeneous environment,
represented by the colored patches. (Taken from G. Mufioz-Gil et al. Nature Communications
(2021)40),

MSD

The algorithm that best identified the alpha coefficient in 2D trajectories was the
one presented by A. Gentili and G. Volpe, which combined feature engineering
based on classical statistics with supervised deep learning.*’ The best algorithm for
the classification of the underlying diffusion model, presented by A. Argun, G. Volpe
and S. Bo, used machine learning, and was based on recurrent neural networks.*®

The trajectory segmentation proved to be the most challenging task in the AnDi
challenge, even in minimalistic setting with a single change point. Indeed,
characterizing trajectories with time-dependent diffusive properties remains an
open research question, which has motivated the organization of a second AnDi
challenge. This new challenge, that has just been launched, not only aims to
distinguish changepoints in the diffusion model (as in the first AnDi challenge), but
also changes in the diffusion coefficient and the anomalous diffusion exponent.*® It
also aims at identifying multiple of these changepoints, as compared with the first
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challenge, in which a maximum of one changepoint was introduced in the simulated
data.

It is precisely from these changes in diffusive properties that we can extract the most
meaningful information about the different interactions in our systems. While we
still need to wait to see the results of these 2"! AnDi challenge, this thesis uses one
of the algorithms that is participating: STEP, presented by B. Requena et al.>® The
reason of this choice is essentially given by the short length of the trajectories and
the ambition to extract the most meaningful quantitative information from the data.
Indeed, STEP is a machine learning method able to predict the diffusion coefficient
and the anomalous diffusion exponent, at each time step of the input trajectory. It
is shown that STEP outperforms TA-MSD in the prediction of both parameters for
short trajectories. Finally, an interesting feature is that the pointwise prediction of
the diffusion coefficient and the anomalous exponent can be used for the
identification of changepoints within the same trajectory (see Figure 9).
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Figure 9. STEP’s ability to detect changes in the diffusion coefficient. Examples of
trajectories and the corresponding diffusion coefficient D as a function of time for constant
D, changes within a discrete set of states with fixed D, continuous and monotonous change
of D, and switch between random Ds. (Taken from B. Requena et al., Biophysical Journal
(2023)%9).



The authors of the publication evaluated STEP's performance on simulated
trajectories of different underlaying diffusion models, and show that it is indeed able
to predict the diffusion coefficient with very small error (see Figure 10A). However,
this error changes with the trajectory length, given that, despite its point-wise
output, STEP still needs the surrounding displacements to make accurate
predictions. In Figure 10B we can see the comparison in mean relative error
(|Dtrue — Dpreal/Derue) between STEP and classical TA-MSD. It is to be noted that,
given that the trajectories had changes in the diffusion coefficient, the MSD could
only be calculated for the already separated fragments (referred to “TA-MSD +
segments”). Otherwise, the TA-MSD would yield an effective parameter for the
whole trajectory that would not represent the actual phenomena, which already
justifies the use of STEP. One can appreciate that STEP's prediction ("STEP”, blue) on
very short trajectories has similar results that TA-MSD on already splitted trajectories
(“TA-MSD + segments”, yellow), with a slightly higher error on STEP’s prediction.
However, for trajectories with uniform diffusion properties, a fairer comparison can
be done between the “STEP + segments” (orange) and the “TA-MSD + segments”
(yellow). For those uniform trajectories, we can see that those smaller of about 50
frames are better predicted with STEP. For longer trajectories with uniform diffusion
coefficient, TA-MSD is a more suitable method. Nevertheless, the probability of
observing diffusion changes in these longer trajectories is higher, and TA-MSD
would lead to wrong estimations of the diffusive properties. Therefore, it is better to
use STEP overall, given its better performance in short trajectories that are unlikely
to present changes, and its flexibility to study longer trajectories with multiple
changes.

Regarding the alpha coefficient, Figure 10C highlights some discrepancies between
the true and predicted values. This should be taken into account when studying
diffusion processes where directed motion plays a key role. As for the mean absolute
error, calculated as |atrue - apred|, STEP outperforms TA-MSD in all segment
lengths, independently of whether the trajectory has uniform diffusion properties or
not (see Figure 10D). It also shows a comparable performance to CONDOR, the
deep learning algorithm that, as already mentioned, best-performed in the 1°* AnDi
challenge.*” For short trajectories smaller than about 25 frames, STEP still gave
slightly better predictions.
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Figure 10. Time-dependent diffusion properties prediction. (Taken from B. Requena et
al., Biophysical Journal (2023)°). A. 2D histogram of the predicted diffusion coefficient D
compared to the ground truth. The mean relative error (MRE) over the whole test set is 0.226.
B. Relative error for the prediction of D as a function of the segment length. (C) 2D histogram
of the predicted anomalous diffusion exponent (o) as compared to the ground truth. The
MAE over the whole test set is 0.271. (D) MAE for the prediction of a as function of the
segment length.

5. IMAGE ANALYSIS

The rise of new microscopy techniques that enable the visualization of cellular
structures with increasingly higher spatial and temporal resolution has triggered a
boost on image analysis algorithms. Image analysis consists in the extraction of
meaningful quantitative information from images. In order to properly interpret the
extracted data, it is necessary to understand where does the information come from
and how images are treated by the different software.

In image analysis, the different tasks can usually be classified as: (i) object detection,
(it) classification, (ii() segmentation, and (iv) tracking. However, image analysis
usually requires previous image processing, which involves changing the image in
ways that will help the later extraction of quantitative information.”



5.1. IMAGE PROCESSING

Image processing involves tasks aimed at cleaning up the image, such as subtracting
background signal or applying filters to reduce noise. Although it is beyond the
scope of this thesis to review all types of operations that can be performed, we
highlight some that we find particularly important for this thesis:

(i) Point operations. They are mathematical operations applied to individual pixel
values. Point operations can be performed using a single image, an image and a
constant, or two images of the same size. An example can be image inversion, which
involves reversing the intensity values; making the higher values lower, and the lower
values higher. Another example is contrast enhancement, in which the intensity
ranges are adjusted to make the features more distinguishable. Binarization can also
be considered a point operation, since certain selected values are set to zero,
whereas the others are set to 1.”"

(it) Filtering with filter kernels. Filtering can make segmentation much easier by
enhancing features and reducing noise. It basically consists in the modification of a
pixel intensity values according to the neighboring pixels. To do so, it makes use of
filter kernels or convolution masks, which are small matrix arrays that slide over an
image, and at each position, the pixel values are multiplied by the kernel values. An
example are mean filters, that replace the pixel value by the mean of the defined
area. Another very important one is Gaussian filter. The Gaussian function is
characterized by its bell-shaped curve, which ensures that pixels near the center of
the filter have higher weights than those farther away. This results in a gentle
blurring effect (see Figure 11). Two variants of the Gaussian filter, that are used for
edge detection and feature extraction are:

(i) Difference of Gaussians (DoG) filtering. It is based on the principle of
subtracting two Gaussian-blurred versions of an image, each with a
different standard deviation (o). We are left with an image that contains
the information between the two smoothing scales. This highlights the
areas of the image where there are rapid changes in intensity, effectively

identifying edges and other important features.”"*2

(i) Laplacian of Gaussian (LoG) filtering. It combines a Gaussian filter with a
Laplacian operator, which is a second-order derivative operator that
highlights regions of rapid intensity change (edges).”"*? The appearance
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of a LoG filter is like an upside-down DoG filter, and leads to comparable
results.

Original image Gaussian filtered o =1 Gaussian filtered 0 =2 Gaussian filtered =4
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Figure 11. Gaussian filtering. An example of smoothing with Gaussian filters of different
size. The lower images show the intensity distribution over the line drawn on the top images.
(Taken from >").

(iti) Morphological transformations. They are used to modify the shapes of features

in images. Many are used on binary images to improve image segmentation. They

apply a structuring element (i.e. a kernel) to the input image. Some important ones

are:

0

(i0)

(i)

Erosion and dilation. Erosion operation reduces the boundaries of
regions of foreground pixels (typically white), reducing the size of
objects and eliminating small noise. On the contrary, dilation expands
the boundaries of the foreground objects in an image. This operation is
particularly useful for connecting disjoint objects, filling small holes, and

enhancing specific features in the image.*'*?

Opening and closing. Opening consists of an erosion followed by a
dilation, shrinking the object first, to then expand it again to its
approximately original size. It can be useful to separate very close
neighboring structures. Closing does this process the other way around.

It can serve to connect closely placed neighboring structures.”’>2

Watershed. It treats the greyscale image as a topographic surface. If we
imaging water flowing through this landscape, local minima are



gathered, drawing lines that represent the boundaries between different

objects.>*%

(A) Erosion (B) Dilation (C) Opening (D) Closing

Dilate Open Glose

Dilate ¢ pen Slase

Figure 12. Overview of erosion, dilation, opening and closing. The original image is show
on top, whereas the processed image is below. (Taken from ).

(iii) Deconvolution. Given diffraction, an image obtained with an optical system is
convolved with the PSF, which results in blurring and distortion. Therefore, when one
has a good understanding of the optics and noise, it is possible to try to reverse
blurring to a certain extent by performing image deconvolution.*® Classical
approaches, such as Richardson-Lucy deconvolution, require knowledge of the PSF
of the microscope, and assume Poisson noise statistics.>* Otherwise, a theoretical
PSF, based on known microscopic parameters can also be used. Nowadays, new
deep-learning algorithms, that do not require a previous characterization of the PSF,
are being developped.>

5.2. OBJECT DETECTION AND CLASSIFICATION

The purpose of object detection is identifying and localizing specific objects within
an image. Object detection algorithms typically operate by scanning the image with
a bounding box or region proposal mechanism to identify potential object locations.
Classification is performed simultaneously.

Robust results, appropriate for real world applications, are mainly being given by
deep learning algorithms.®® A recent contribution of deep learning to this field,
related to microscopy images, is the development of the so-called artificial labeling.
Based on the information of other microscopy images, it is possible to recognize the
different cellular structures, and therefore label them differently. This approach is

very attractive since it avoids chemical labeling in live imaging.*”*®

5.3. SEGMENTATION

Segmentation involves separating parts of an image to facilitate further analysis.
Therefore, whereas in object detection some type of object is identified, in
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segmentation it is the pixels of an image which are classified. Two of the simplest
methods are:

(i) Thresholding. It converts a greyscale image into a binary image, separating image
regions of interest based on the pixel intensity.”’ This threshold that determines the
selected regions can be manually selected, or automatically selected following some
criteria. For instance, Otsu’s method minimizes intra-class intensity variance, and
performs well identifying objects of two different intensities, so when the intensity
histogram has a bimodal distribution.*

(it) Local-maxima. It identifies and isolates objects based on local intensity peaks.”’
It can be possible to identify whole objects once the image has been pre-processed
and this operation is applied on a binary image.

In the context of cellular biology, developments in cell segmentation are
continuously being made. The cell tracking challenge has been following the
developments of cell segmentation, and they claim that that machine learning-
based algorithms outperform traditional algorithms. One should refer to this
publication to find the latest algorithm that best suits the specific application.®

A simpler task is the segmentation of diffracted limited spots, such as those coming
from single molecules. Therefore, it is usually performed with the two segmentation
methods described above. According to the single particle tracking challenge, all
participating methods included a series of pre-processing steps to reduce noise, and
enhance objects using median, wavelet-based, Gaussian, LoG, watershed, or other
filters. Then, spots are segmented using local-maxima or thresholding. Finally, the
center coordinates of these spots are found using Gaussian fitting or intensity-based
centroid calculation.®’

5.4. TRACKING

Tracking refers to the process of following objects or features over a sequence of
images or frames. The simplest approach is nearest-neighbors, that links the closest
pairs of objects, usually based on the Euclidean distance. However, some limitations
arise in crowded scenarios, when the object moves significantly between frames,
when they temporary overlap, or when they split or fuse.

According to the single particle tracking challenge, the best-in-class algorithms used
multiframe and multitrack optimization.*®" It can be highlighted the use of Kalman
filtering, which uses a predictive model to estimate the object’s position and velocity,

updating with each frame to correct it (see Figure 12).5%
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Figure 12. Kalman filter. Left panel. Linking without using a Kalman approach. Two nascent
particle tracks are shown in light orange and light blue. The light orange particle at time t is
linked to the dark blue particle at time t+7. The light orange track is not linked. Right panel.
Linking with the Kalman approach. The predicted changes in position of the light orange and
the light blue are found from time t to t+ 7. These predicted positions are then compared to
the actual particle positions at t+7. This way, position linking proceeds by extending both
the orange and the blue trajectories, on the basis of their prior behavior. (Taken from J. Aaron
et al. (2019)%).

The cell tracking challenge, which is a more recent publication, and in which more
machine learning approaches participated, did not find remarkable differences in
the performance of machine learning-based and traditional linking techniques.®

6. BIOLOGICAL TOOLS
6.1. FLUORESCENT LABELING

There are two types of fluorescent molecules that are mostly used in cell biology: (i)
organic dyes and (ii) fluorescent proteins. The first consist on chemical species that
can be synthesized in the lab, and have fluorescent properties. Many times, changing
the chemical structure can improve the fluorescent properties. As for the fluorescent
proteins, they were discovered as natural proteins in living organisms. The first one
was the green fluorescent protein (GFP), discovered in A. victoria, a bioluminescent
jellyfish, and led to the Nobel Prize in Chemistry in 2008. The discovery of new
fluorescent proteins, and their multiple modifications has led to a plethora of
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variants with different excitation and emission spectra, quantum yields and
photostabilities.*

There are multiple strategies to target these fluorescent molecules to our protein of
interest. The two classical labeling strategies are:

() Antibody labeling. Antibodies are proteins able to very specifically recognize other
molecules, especially other proteins. The organic dyes are covalently attached to
antibodies through distinct chemical groups. Many times, a so-called primary
antibody is used to recognize the protein of interest. These antibodies are produced
by immunization of an animal (such as sheep, goats, mouses, or donkeys) with such
proteins, and the produced antibodies are extracted from the animal and purified.
A so-called secondary antibody is usually the one that is attached to the fluorescent
molecule. These antibodies can recognize any antibody of certain animal. For this
reason, in this thesis, we refer to mouse anti-sheep for a secondary antibody
produced by a mouse, that is able to recognize sheep antibodies. This sequential
labeling avoids to self-label each of the primary antibodies, and any store-bought
secondary antibody with different fluorescent dyes can be used for all primary. It is
to be noted that antibodies are not cell permeable, and therefore it is necessary to
fix and permeabilize membranes for intracellular labeling.

(it) Fluorescent tagging. The cells need to be genetically modified to express the
protein of interest fused to the fluorescent protein of choice. There are multiple
strategies to do so in mammalian cells. In this Thesis, gene transient transfection was
the mostly used procedure, which consists in the delivery of purified nucleic acid to
the cells using different chemical reagents, electroporation, or viruses. This results in
an overexpression of the protein, that gets lost after a short time. Another strategy
is the generation of stable cell lines, which include markers that allow the selection,
such as antibiotic resistances. These cells also overexpress the plasmid, but the
selective conditions avoid the loss of the expression by the population of cells. Other
more sophisticated strategies include CRISPR Cas9 knock-in (KI) strategies.® It is to
be noted that fluorescent tagging is compatible with live cell imaging, and therefore
it has been a widely used strategy.

However, the brightness and photostability of fluorescent proteins is lower than for
the organic dyes, especially the ones that have been recently developed, such as the
Janelia Fluor dyes.®® However, as already mentioned, intracellular tagging with
organic dyes is very challenging, and the use of antibodies is not compatible with
life imaging, unless labeling membrane proteins from the extracellular side. Luckily,



a combination of both genetical intracellular tagging and organic dyes has been
recently developed: the so-called self-labeling proteins tags. They come from
proteins present in living organisms, that have certain catalytic activity, that can be
used to covalently bind the organic dye to their protein sequence. This way, these
tags can be expressed in cells and, upon addition of the organic dye (modified to
have certain chemical group), they are covalently bound. The three most popular
are: HaloTag®’, SNAP-tag® and CLIP-tag®.

6.2. BIMOLECULAR FLUORESCENCE COMPLEMENTATION

In order to be able to visualize the MCS we used bimolecular fluorescence
complementation (BiFC), a technique used to visualize protein-protein interactions
in living cells. It is based on the principle that two non-fluorescent fragments of a
fluorescent protein can reconstitute to form a fluorescent complex when brought
together by an interaction between proteins fused to these fragments. These split
versions exist for the venus and the cerulean fluorescent proteins, amongst others.”

6.3. SYNCHRONIZATION OF PROTEIN SECRETION

In many of the experiments, it will be necessary to control the localization of the
protein within the secretory pathway. We used 20°C block, that is known to block
protein transport out of the ER to the TGN.”" In many cases, the protein synthesis
inhibitor cycloheximide as also used to create a protein secretion pulse.’

Another strategy that allows for the synchronized release and transport of proteins
from one cellular compartment to another, facilitating the study of protein

trafficking in real-time, is retention using selective hooks (RUSH).”

A protein of
interest is fused to streptavidin-binding peptide (SBP), that binds to streptavidin
fused to KDEL. Streptavidin-KDEL serves as a "hook" of the protein, and retains it in
the ER until biotin is added. However, there are some inconveniences associated
such as the need to overexpress both the hook and the prey protein, which are quite

big constructs.
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Chapter 3

Image Analysis for the Study of
Intracellular Trafficking

This chapter presents four different projects in which we applied image analysis and
quantification tools to fluorescence microscopy images. These projects were carried
out in collaboration with scientists at ICFO and other research institutions. All the
projects are set in the context of intracellular trafficking, and more specifically the
formation of cargo-containing transport carriers both at the TGN and the ER.
Generally, these pipelines aim to calculate meaningful parameters such as
colocalization and proximity between point-like or tubular structures, diffusion
parameters of these structures, and fluorescence intensity quantification on structures
such as the TGN and the plasma membrane.

Part of this work has been published in:
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1. INTRODUCTION

When performing quantifications on microscopy images obtained with fluorescence
microscopy, several key factors need to be considered to ensure accurate, unbiased,
and reproducible results. For instance, sample preparation and image acquisitions
need to be consistent. On the image analysis side, one needs to understand how the
data has been obtained, as well as how it is processed. Otherwise, the quantifications
can lead to artifacts and misinterpretation of the results.

Despite this cautionary note, it is still highly recommended to use computational
approaches to extract meaningful quantitative descriptors of the microscopy data,
even when they might appear obvious by eye inspection. Utilizing computational
pipelines can significantly enhance the accuracy and reliability of the quantifications
for many reasons:

(i) Standardization and consistency. Automated pipelines reduce the user-to-user
variability introduced by manual inspection, ensuring that all images are analyzed
the same way. Moreover, the analysis can be repeated, making it easier to replicate
results across different experiments and labs.’

(it) Efficiency and throughput. Automated analysis can handle large datasets quickly
and efficiently.

(iti) Allow for more sophisticated analyses. Automated pipelines can incorporate
sophisticated algorithms for calculation of the desired parameters.

In this section, we describe four different projects where image analysis and
quantification have been applied to fluorescence microscopy images. In general, the
pipelines aimed at calculating meaningful parameters such as: (i) colocalization and
proximity between point-like or tubular structures, (i) diffusion parameters of these
structures, and (iii) fluorescence intensity measurement on structures such as the
TGN and the plasma membrane.

2. PROXIMITY AND COLOCALIZATION QUANTIFICATION OF
PUNCTATE STRUCTURES

The first contribution was to the publication: Wakana, Y., Hayashi, K., Nemoto, T,
Watanabe, C., Taoka, M., Angulo-Capel, J., Garcia-Parajo, M. F., Kumata, H,
Umemura, T., Inoue, H., Arasaki, K., Campelo, F., Tagaya, M. (2020) The ER cholesterol
sensor SCAP promotes CARTS biogenesis at ER-Golgi membrane contact sites.
Journal of Cell Biology. 220 (1): €202002150
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The publication is in the context of ER-Golgi MCS, and how they play a role in the
formation of CARTS, a specific type of carriers that form at the TGN. As a reminder,
both the silencing of the MCS components VAP-A and VAP-B, as well as the
stabilization of the MCS with the PH-FFAT construct, results in reduced secretion of
the protein PAUF, and inhibition of the formation of CARTS.?? Similar observations
have been made when using 25-hydroxycholesterol (25-HC), an oxysterol that is able
to bind OSBP with high affinity, and block it in the bound conformation to VAP. This
binding inhibits the VAP/OSBP-mediated sterol transfer* However, it is still not
known the specific role that MCS play in CARTS formation, nor the impact of their
lipid transfer function in this respect.

Wakana and Campelo suggested that the non-vesicular transport of cholesterol and
ceramide at ER-Golgi MCS could provide the necessary lipids for the formation at
the TGN of liquid-ordered membrane nanodomains, segregated from other lipids
and that could function as a platform for specific proteins involved in glycosylation,
cargo sorting, and transport carrier biogenesis (see Figure 1).°

In Wakana et al., Journal of Cell Biology (2020), another player was brought to these
MCS platforms, the so-called sterol regulatory element-binding protein (SREBP)
cleavage activating protein (SCAP), which is a cholesterol sensor in the ER° It is
known that, when the cholesterol in the ER is low, SCAP escorts SREBPs transcription
factors into COPII vesicles for traffic from the ER to the Golgi. In the Golgi, SREBPs
are cleaved by proteases, and the transcriptionally active domain enters the nucleus,
promoting the expression of genes involved in cholesterol synthesis and uptake.’
The main important points of the publication are:

(i) SCAP is a novel component of Sac1-positive ER-Golgi MCSs.

(it) In cholesterol-fed conditions, ER-localized SCAP interacts through Sac1 with the
VAP-A-OSBP complex at the ER-Golgi MCSs.

(iij) SCAP is important for PI4P turnover and VAP-A-OSBP complex distribution at
the ER-Golgi MCSs

(iv) SCAP is required for the biogenesis of CARTS at the TGN.
(v) SCAP regulates CARTS biogenesis in a cholesterol-dependent manner

(vi) The SCAP-SREBP complex functions in CARTS biogenesis.
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Figure 1. Lipid homeostasis at ER-Golgi MCSs for CARTS biogenesis. ER-Golgi MCSs
serve as platforms for the non-vesicular transport of lipids and mediate the PI4P cycle at the
ER-Golgi interface, as well as DAG, SM, and cholesterol homeostasis. cer: ceramide; chol:
cholesterol; DAG: diacylglycerol; MCS: membrane contact site; PC: phosphatidylcholine; PI:
phosphatidylinositol; PI4P: Pl 4-phosphate; PKD: protein kinase D; SM: sphingomyelin; SMS:
SM synthase. (Taken from Y. Wakana, F. Campelo, Cells (2021))>.
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Figure 2. Working model for the facilitation of CARTS biogenesis by the SCAP-SREBP
complex at ER-Golgi MCSs. Low cholesterol (Chol) levels: SCAP escorts SREBP transcription
factors from the ER to the Golgi complex for cholesterol synthesis and uptake (left panel,
blue arrows). Sufficient cholesterol levels: a complex of cholesterol-bound SCAP and SREBP
interacts with the VAP-OSBP complex via Sac1 and functions in the counter-transport of ER
cholesterol and Golgi PI4P at ER-Golgi MCSs to promote CARTS biogenesis at the TGN
domains immediately adjacent to the ER MSCs (left panel, red arrows, and right panel). PC,
phosphatidylcholine. (Taken from Wakana, Y. et al., Journal of Cell Biology (2021)3).
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The proposed model resulting from this study is shown in Figure 2. The model
proposes that in sufficient cholesterol levels, SCAP and SREBP interact with ER-Golgi
MCS proteins via Sac1. There, cholesterol and ceramide are transported to the Golgi.
At the trans-Golgi membranes, cholesterol and SM are involved in lipid nanodomain
organization, which can function as a platform for molecular machineries
responsible for processing and sorting of cargoes.

My contribution in this publication included the development and use of image
analysis and quantification tools that provided quantitative support to the
conclusions highlighted in points (i) and (v), as well as super-resolution imaging of
CARTS formation adjacent to MCS (to be described in Chapter 5). The first
quantification entailed the distances between Golgi ministacks in different channels
in nocodazole-treated of Hela cells. The distance was measured between two ER-
Golgi MCS proteins: Sac1, either as a mutant variant or as wild type, and VAP-A. The
second quantification was a colocalization quantification between carriers in
different channels. More specifically, colocalization between the SM sensor
equinatoxin-SM (EQ-SM)?, and the CARTS cargo PAUF.

2.1. METHODS

The experimental part of this project was performed by Y. Wakana (School of Life
Sciences, Tokyo University of Pharmacy and Life Sciences, Japan).

Cell culture and transfection

Plasmid transfection into Hela cells was performed using X-tremeGENE 9 DNA
transfection reagent (Roche), according to the manufacturers’ protocols.

PAUF-MycHis plasmid was donated by S.S. Koh (Korea Research Institute of
Bioscience and Biotechnology, Daejeon, Korea). The plasmid encoding EQ-SM
(tagged with oxGFP) was generous gifts from C.G.Burd (Yale School of Medicine,
New Haven, CT). The plasmids encoding the GFP-Sac1 WT and K2A mutant were
generous gifts from P. Mayinger (Oregon Health and Science University, Portland,
Oregon).

Immunofluorescence and imaging

Hela cells were fixed with 4% PFA in PBS at room temperature for 20 min,
permeabilized with 0.2% Triton X-100 in PBS for 30 min, and then blocked with 2%
bovine serum albumin (BSA) in PBS for 30 min. The cells were labeled with the
indicated primary antibodies:



e VAP-A: rabbit anti-GST-VAP-A, donated by D. Ridgway (Atlantic Research
Center, Canada), see publication ?

e PAUF-MycHis: mouse anti-c-Myc (clone 9E10, Sigma-Aldrich)

The secondary antibodies were conjugated to Alexa Fluor 488, 594, 633, or 647 in
the blocking buffer.

The samples were imaged with an Olympus Fluoview FV1000 or FV1200 confocal
microscope with a UPLSAPO 60x O NA 1.35 apochromat objective, that fully
compensates for both spherical and chromatic aberrations, and FV10-ASW software.
The two-color images have been taken sequential frame-by-frame. Pixel dwell time
was set to 2 s, i.e. 2 seconds per frame. The pixel size was 59 nm, in 1024x1024 pixel
images.

Nocodazole treatment

Hela cells were transfected either with GFP-Sac1 WT or K2A as explained above.
After 20 hours, they were treated with 2 ug/ml 25-HC for 1 h. Then, they were treated
with 5 pg/ml nocodazole (to depolymerize microtubules and create Golgi mini-
stacks) or DMSO (control) for 2 h. The cells were then fixed and visualized with GFP
and antibodies against GM130 and VAP-A as explained above.

PAUF secretion assay

Hela cells were transfected with PAUF-MycHis and EQ-SM. 20 h later, the medium
was replaced with Opti-MEM, and cells were incubated at 20 °C for 2 hours. Cells
were placed back to 37°C for 30 minutes, and then fixed and immunolabeled against
PAUF-MycHis as explained above.

2.2. DEVELOPED ANALYSIS

Individual cells were used as experimental repeats, versus different samples
containing data from several cells, to better capture the intrinsic biological variability
present within the cell population. This enhanced the statistical power of our
analyses by providing a larger number of data points. We ensured that each cell
contained sufficient information (i.e. high number of punctate structures), and that
each one was independently processed and analyzed. Since there are no
comparisons between different experimental conditions, we did not consider that
this data representation could lead to pseudoreplication and artificial decrease of
the p-values.'”
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Proximity analysis of Golgi ministacks

The detection of punctate structures and Golgi ministacks was performed with Fiji,
by setting an intensity threshold and segmenting the particles from the binary mask
using the “Analyze Particles” command. The proximity between the structures
detected in the two channels was then calculated with a self-written MATLAB code.
It uses the centroid position of the Sac1 punctate structures to find the nearest-
neighbor centroid in the opposite channel (GM130 or VAP-A-positive structures).
The maximum allowed connecting distance was 1 um.

Colocalization of transport carriers

The detection of Golgi ministacks was performed with ComDet, a Fiji Plugin that
detects particles and calculates the colocalization between channels
(https://github.com/UU-cellbiology/ComDet.git). The Golgi area was excluded by

manually selecting an ROI of the cytoplasm without the perinuclear area. The
detection included larger particles, and the segmentation of larger particles. The
approximate particle size was set to 3 pixels (177 nm), and the intensity threshold
(in standard deviation) was set to 80. The colocalization is just defined by a user-
defined distance. The maximum distance between colocalized spots was set to 4
pixels (236 nm).

2.3. RESULTS
Sac1 colocalizes with ER-Golgi MCSs

In the publication, it was shown that there is a good overlap of Sac1’s signal with
VAP-A (ER-localized) and close proximity to TGN46 (TGN-localized) (see Figure 3),
suggesting that Sac1 is prominently localized to ER-Golgi MCSs. This pattern was
also observed for the mutant Sac1 K2A, which has two lysins replaced by two
alanines in the COPI-interacting motif. This motif serves for retrograde transport
from the cis-Golgi to ER,"" and some ER integral membrane proteins also use this
signal for their movement along the ER from the cell center to the periphery.'?™
Therefore, mutation of this lysine in principle results in a higher localization of the
protein Sac1 to the perinuclear area. If so, this mutant could be used as a bait to

identify new candidates that interact with it at the Golgi membranes.

In order to quantify the colocalization of Sac1 with TGN46 and VAP-A, cells were
treated with nocodazole, a microtubule-depolymerizing agent that induces the
formation of dispersed Golgi ministacks in the cytoplasm.™ This allowed us to study
the individual components and spatial organization of Golgi proteins without the


https://github.com/UU-cellbiology/ComDet.git

complex architecture of a fully formed Golgi apparatus. Although Sac1 is an ER
localized protein, we observed the formation of signal puncta (both for the wild-
type and the mutant K2A proteins) that were in close apposition with VAP-A (see
Figure 4).

GFP-Sac1 WT
‘
GFP-Sac1 K2A
o, N
2

Figure 3. Colocalization of GFP-Sac1 WT or K2A with VAP-A and their proximity to
TGN46. Hela cells expressing GFP-Sac1 WT or K2A were treated with 2 pg/ml 25-HC for 1
h. The graphs on the right show the fluorescence intensity of GFP-Sac1 WT or K2A (green),
and VAP-A or TGN46 (magenta) along the respective white lines shown in the merged
images. N: nucleus. Scale bar, 10 um. (Taken from Wakana, Y. et al., Journal of Cell Biology
(2021)2).
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Figure 4. Colocalization between Golgi ministacks, labeled for Sac1 WT or Sac K2A.
Hela cells expressing GFP-Sac1 WT or K2A, and treated with 2 pg/ml 25-HC for 1 h and with
5 pg/ml nocodazole for 2 h. Representative images of the immunofluorescence against GFP
(panels 1 and 4), VAP-A (panels 2 and 5), and GM130 (panels 3 and 6). Merged images of
the first and third rows are shown in the second and fourth rows, respectively, with color
coding corresponding to the numbering of the individual panels. Arrowheads indicate the
small punctate elements containing both GFP-Sac1 and VAP-A. Scale bar, 10 pm. (Taken
from Wakana, Y. et al., Journal of Cell Biology (2021)2)
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Figure 5. Median distance between Golgi mini-stacks. Hela cells expressing GFP-Sac1 WT
or K2A, and treated with 2 pg/ml 25-HC for 1 h and with 5 ug/ml nocodazole for 2 h. They
were then labeled against VAP-A and GM130. Median distance between Sac1 puncta and
GM130 ministacks. Grey points represent all distance values, and black points represent the
median value per cell (each one with more than 60 Sac1 ministacks). Error bars represent
mean and SD of the cell median values (black dots). A. Distance between Sac1 WT and VAP
positive puncta, and between Sac1 WT and GM130 puncta. The difference is not statistically
significant (two-tailed paired t-test, p-value = 0.1599). B. Quantification in mutated Sac1.
Distance between Sac1 K2A and VAP positive puncta, and between Sac1 K2A and GM130
puncta (two-tailed paired t-test, p-value = 0.0198).

Given that the structures were not perfectly overlapping, we found that, rather than
colocalization, a better measure of the proximity between the different structures
was the nearest neighbor distance of their centroid positions, which was performed
as described in the Methods section. Figure 5 represents the median distance
between the Sac1 puncta to the nearest neighbor in each of the other channels. One
can observe that Sac1 is closer to VAP-A than to the cis-Golgi marker GM130.
However, this is only statistically significant for the K2A mutant. According to these
measurements, this mutant was then used to identify interacting candidates.
Immunoprecipitation and mass spectrometry revealed SCAP as a possible
interacting protein.

CARTS are enriched in cholesterol and SM

In the same publication, it is shown that CARTS contain glycosylphosphatidyl inositol
(GPI)-anchored proteins, indicating that the membranes are probably enriched in
cholesterol and sphingolipids. This established a possible link between CARTS and
the SM-rich carriers. This latter type of carriers is very interesting because some of
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their cargoes have shown to be sorted by different mechanisms. For instance, the
common cargo LyzC is sorted through Ca?*-dependent oligomerization, mediated
by Cab45 and the Ca** pump SPCA1."

To strengthen the hypothesis that CARTS are enriched with these lipids, SM in the
luminal leaflet of the secretory pathway membranes was labeled with the SM
reporter protein EQ-SM. We quantified the number of colocalizing vesicles in HelLa
cells overexpressing both EQ-SM and PAUF-MycHis. As shown in Figure 6, 74 +15%
of PAUF-MycHis-positive CARTS contained EQ-SM®. In the first publication that
reported this new distinct SM-rich vesicles, they measure that at 86 +5% of GPI-
positive exocytic vesicles were EQ-SM-positive, which is in agreement with the
values that we measured.®
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Figure 6. Colocalization of EQ-SM and PAUF-MycHis. A. Representative image of a cell
co-transfected with EQ-SM (green) and PAUF-MycHis (magenta). High magnifications of the
boxed areas are shown in the insets. Scale bar, 10 um. B. Quantification of EQ-SM-positive
puncta containing PAUF-MycHis (left) and PAUF-MycHis-positive puncta containing EQ-SM
(right). Each spot represents the mean percentage per cell, each one with 20-180 puncta. The
difference is significative (two-tailed paired t-test, p-value=0.0002). (Published in Wakana, Y.
et al., Journal of Cell Biology (2021)?).

3. HEMAGGLUTININ SECRETION QUANTIFICATION

Our collaborator Y. Wakana (School of Life Sciences, Tokyo University of Pharmacy
and Life Sciences, Japan) identified hemagglutinin (HA) as new transmembrane



cargo whose transport to plasma membrane also seems to require OSBP and PKD,
common molecular machinery in the formation of CARTS (unpublished work). In
order to robustly quantify if there is indeed secretion under different inhibiting
conditions, we developed a pipeline to quantify fluorescence intensity of HA both in
the Golgi and the plasma membrane. This work is in preparation for submission.

Hela cells overexpressing HA were treated with different siRNAs: one that inhibited
the expression of OSBP, two that inhibited the expression of PKD2, and two control
RNAs with no effect. A similar study was performed on Madin-Darby canine kidney
(MDCK) cells, a polarized cells model that express high amounts of heparan sulfate
and HA."® These cells were treated with the inhibitor CRT0066101, an inhibitor of all
isoforms of PKD."

3.1. METHODS

The experimental part of this project was performed by Y. Wakana (School of Life
Sciences, Tokyo University of Pharmacy and Life Sciences, Japan).

Plasmids and stable cell lines

The plasmid encoding influenza-FPV-HA-mEGFP was a generous gift from S.
Chiantia (Institute of Biochemistry and Biology, University of Potsdam, Germany)
(Addgene plasmid #127810)."® ss-mKate2-FM4-HA plasmid was cloned by V.
Wakana (School of Life Sciences, Tokyo University of Pharmacy and Life Sciences,
Japan) from the plasmid mKate2-FM4-GPI (generous gift from C.G.Burd, Yale School
of Medicine, New Haven, CT).

For establishment of stable cell lines expressing ss-mKate2-FM4-HA, cDNA
encoding the signal sequence (ss) of human growth hormone 1 (GH1) (aa 1-26),
mKate2, FM4, and influenza-FPV-HA (aa 491-563) was inserted into pCX4-IRES-Bsr.
For establishment of HeLa and MDCK cells stably expressing ss-mKate2-FM4-HA,
PLAT-A packaging cells were transfected with pCX4-ss-mKate2-FM4-HA-IRES-Bsr,
and 48 h later, the medium containing retrovirus was collected and used for infection
of Hela and MDCK cells, respectively. Selection of HeLa and MDCK cells stably
expressing ss-mKate2-FM4-HA was performed with 10 pg/ml blasticidin. For
establishment of Tet-On Hela cells expressing HA-mEGFP, PLAT-A packaging cells
were transfected with pRetroX-Tet-On Advanced or pRetroX-HA-mEGFP-Tight-Pur,
and 48 h later, the medium containing retrovirus was collected and used for infection
of Hela cells. Selection of Tet-On Hela cells expressing HA-mEGFP was performed
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with 500 ug/ml G418 and 1 ug/ml puromycin. All the stable cell lines were obtained
without single-cell cloning.

Cell culture and transfection

Hela and MDCK cells were grown in DMEM supplemented with 10% FCS. PLAT-A
packaging cells were grown in DMEM supplemented with 10% FCS, 10 pg/ml
blasticidin S, and 1 pg/ml puromycin.

Transfection of siRNA into Hela cells were carried out using Oligofectamine reagent
(Thermo Fisher Scientific), according to the manufacturers’ protocols.

Silencing RNA (siRNA and shRNA)

The targeting sequences of siRNA and shRNA were as follows:
Control (GL2 luciferase): 5'-AACGTACGCGGAATACTTCGA-3’
OSBP: 5'-AAGGAGTTAACCCATATTTAT-3'

PKD2 (882): 5'-ATGCAAAGACTGCAAGTTTAA-3

PKD2 (1303): 5'-AACAGATACTATAAGGAAATT-3'

HA-mEGFP localization in OSBP and PKD2 knockdown cells

Tet-On Hela cells expressing HA-mEGFP were transfected with control siRNA or
siRNA oligos targeting OSBP or PKD2. At 48 h after siRNA transfection, the medium
was replaced with DMEM containing 10% FCS and 1 pg/ml doxycycline to induce
expression of HA-mEGFP. After 24 h, cells were fixed an immunolabeled against
GM130 and TGN46, as explained above.

mKate2-FM4-HA transport in polarized MDCK cells

MDCK cells stably expressing ss-mKate2-FM4-HA were seeded onto Transwells
(costar, #3413) for polarization. After 96 h, the medium was replaced with DMEM
containing 10% FCS, 20 mM HEPES-KOH, pH 7.4, 1 uM D/D solubilizer, and 20 pg/mL
cycloheximide, and then the cells were incubated in a water bath at 20°C for 45 min,
followed by pretreatment with DMSO (control) or 20 pM CRT0066101 for 15 min.
The cells were then incubated in a water bath at 37°C for 5 or 30 min, followed by
fixation with 4% PFA. The samples were processed as indicated for
immunofluorescence microscopy. They were then fixed and immunolabeled against
GM130 and the tight junction protein ZO-1, both at the plasma membrane plane,
and the Golgi plane.



Immunofluorescence

Cells were fixed with 4% PFA in PBS at room temperature for 20 min, permeabilized
with 0.2% Triton X-100 in PBS for 30 min, and then blocked with 2% bovine serum
albumin (BSA) in PBS for 30 min. The cells were labeled with the indicated primary
antibodies and secondary antibodies conjugated to Alexa Fluor 488, 594, or 647 in
the blocking buffer.

e GM130: mouse anti-GM130 (#810823, BD Biosciences), secondary antibody
AF488.

e TGN46: rabbit anti-TGN46 (Wakana et al. JCB 2021°), secondary antibody
AF594.

e ZO-1: rabbit anti-ZO-1 (#21773-1-AP, Proteintech), secondary antibody
AF647.

The samples (Tet-on HelLa-HA-mEGFP) were analyzed with an Olympus Fluoview
FV1200 confocal microscope with a UPLSAPO 60x O NA 1.35 apochromat objective,
that fully compensates for both spherical and chromatic aberrations, and FV10-ASW
software. The samples (MDCK-mKate2-FM4-HA) were analyzed or with an Olympus
Fluoview FV3000 confocal microscope with a UPLANXAPO 60x O NA 1.42 objective
and FV31S-SW software. The two-color images have been taken sequential frame-
by-frame. Pixel dwell time was set to 2 ps, i.e. 2 seconds per frame. The pixel size
was 52 nm, in 1024x1024 pixel images.

The samples were imaged with an Olympus Fluoview FV1000 or FV1200 confocal
microscope with a UPLSAPO 60x O NA 1.35 apochromat objective, that fully
compensates for both spherical and chromatic aberrations, and FV10-ASW software.
The two-color images have been taken sequential frame-by-frame. Pixel dwell time
was set to 2 us, i.e. 3 seconds per frame. The pixel size was 59 nm, in 1024x1024 pixel
images.

The fluorescence signal of HA, GM130 and TGN46 was measured at two different
planes, at the plasma membrane height, and at a middle plane that included the
Golgi (identified by TGN46 and GM130 channels).

3.2. DEVELOPED ANALYSIS

Individual cells were used as experimental repeats, versus different samples
containing data from several cells, to better capture the intrinsic biological variability
present within the cell population. This enhanced the statistical power of our
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analyses by providing a larger number of data points. We ensured that each cell was
independently processed and analyzed. However, it is important to note that in this
specific case, it would have been more appropriate to represent the mean values per
sample (rather than by individual cell) as data points, especially when comparing
different experimental conditions, in order to avoid pseudoreplication and artificial
decrease of the p-values.” The primary reason for not doing so was the lack of
sufficient data. Despite this, | chose to highlight the developed image analyses in
this section, acknowledging that the published data should ideally contain more
comprehensive datasets. These data are preliminary and unpublished, and further
experiments will aim to address these limitations and provide a more robust dataset.

Quantification of fluorescence intensity on Hela cells

The analysis was performed with a custom-written MATLAB code, available in the
following Github link:
https://github.com/JessicaAngulo/Hemagglutinin secretion.git

Hela cells were segmented from the microscopy images by hand, given that there
was no marker to automatically do so. It was performed with the drawpolygon
MATLAB function, since there was no channel that allowed an easy segmentation of
the whole cell area. For the segmentation of the TGN46, an intensity threshold of
120 over 256 grey values was applied on the TGN46 channel imaged at the Golgi
plane. This thresholded signal was used for the detection of the TGN structures (see
Figure 7). The image was contrast adjusted with the function imadjust, and Gaussian
filtered with imgaussfilt, which uses a 2-D Gaussian smoothing kernel of standard
deviation 2. The obtained binary mask was used for the identification of the
structures’ boundaries, using the function bwboundaries ('noholes’ option).

To calculate the HA intensity density signal at the plasma membrane, the intensity
was integrated over the selected cell ROI, and divided by the area of that same ROI.
Similarly, for the HA intensity density signal at the TGN, the fluorescence was
integrated over the segmented TGN46 mask, and divided by the TGN area.


https://github.com/JessicaAngulo/Hemagglutinin_secretion.git

Figure 7. TGN segmentation in Hela cells. Hela cells labeled against the TGN marker
TGN46 and imaged by confocal microscopy. The field of view is 105.47 um. A. Intensity
threshold applied for the segmentation of the TGN46 signal on Hela cells. The greyscale
image represents the raw TGN46 detected signal of the selected cells, and the red pixels
label the segmented TGN structures within those cells. B. The same field of view as in (a),
highlighting a single example of a segmented TGN structure. The segmentation allows the
separation of structures which are apart from one another, shown by the different coloring
of the structures.

Quantification of fluorescence intensity in MDCK cells
The analysis was performed with a self-written MATLAB code, available in the

following Github link:
https://github.com/JessicaAngulo/Hemagglutinin_secretion.qit

The MDCK cells were segmented making use of the tight junction fluorescence
channel (ZO-1 positive). A series of morphological operations to identify the cell
edges were applied. The noise was filtered out using a Wiener filter of 10x10
(wiener2 function). Then, we performed a top-hat filtering with a disk-shaped
structuring element of radius 15 to enhance bright features (function imtophat).
Minima shallower than 3000 units were suppressed with the imhmin function. This
filtered function was segmented with the watershed algorithm. This segmentation
also allowed to discard cells that were out of focus, to prevent incorrect
measurements of the fluorescence intensity values.

An intensity threshold of 70 over 256 grey values was applied on the GM130 channel
imaged at the Golgi plane. This thresholded signal was used for the detection of the
Golgi structures (see Figure 8). The image was contrast adjusted with the function
imadjust, and Gaussian filtered with imgaussfilt, using a 2-D Gaussian smoothing

97 |Page


https://github.com/JessicaAngulo/Hemagglutinin_secretion.git

kernel of standard deviation 2. The obtained binary mask was used for the
identification of the structures’ boundaries, using the function bwboundaries
(‘'noholes’ option).

To calculate the HA fluorescence intensity density signal at the plasma membrane,
the intensity was integrated over the selected cell ROI, and divided by the area of
the same ROI. For the HA intensity density signal at the Golgi, the fluorescence was
integrated over the segmented GM130 mask, and divided by the Golgi area.

Figure 8. Golgi segmentation in MDCK cells. MDCK cells labeled against the Golgi
marker GM130. The field of view is 53.03 um. A. Intensity threshold applied for the
segmentation of the GM130 signal on MDCK cells. The greyscale image represents the raw
GM130 detected signal, and the red pixels label the segmented Golgi structures. Cells that
are out of focus are discarded from the analysis. B. The same field of view as in (a), and an
example of segmented Golgi structures in one single cell. The segmentation allows the
separation of structures which are apart from one another, shown by the different coloring
of the structures.

3.3. RESULTS

Quantification of the HA traffic between the TGN and the plasma membrane
in Hela cells

The fluorescence intensity at the plasma membrane was calculated by integration of
the HA fluorescence intensity divided by the cell area. The fluorescence intensity at
the Golgi was calculated by integration of the fluorescence intensity at the
segmented Golgi structures (obtained from the GM130 channel), divided by the
Golgi area (GM130 mask). From these values, the mean intensity ratio of HA-mEGFP
was calculated as:



IPM/IGolgi

(M

mean intensity ratio =

ratio

being Is,14: the fluorescence intensity per pixels at the Golgi, Ipy the fluorescence
intensity at the plasma membrane, and I,4;, the mean of the intensity ratio for
normalization.

Figure 9 shows the results for the control conditions and 3 different gene silencing
conditions. One can appreciate that indeed there is a decrease of HA at the plasma
membrane in all knockdowns of PKD2 and OSBP as compared to the control. This
indicates that there is possibly a TGN export defect for HA in Hela cells when
silencing PKD2 or OSBP.

%k %k

| %k %k %k %k

mean intensity ratio

Figure 9. Mean fluorescence intensity ratio of HA at the plasma membrane of Hela
cells. The mean fluorescence intensity ratio is calculated as the fluorescence intensity per
pixel in the plasma membrane, divided by the fluorescence intensity per pixel at the Golgi.
Comparison between a control and the inhibition using 2 different PKD2 silencing RNAs, or
an OSBP silencing RNA. N of the control siRNA = 90 cells, N of the PKD2 siRNA 1 = 95 cells,
N of the PKD2 siRNA 2 = 79 cells, N of the OSBP siRNA = 97 cells. Statistical significance
calculated with one-way ANOVA test: ** for p-value 0.0332 to 0.0021, **** for p-value
<0.0001.

Quantification of HA traffic between the Golgi and the plasma membrane in
MDCK cells

99|Page



A

DMSO CRT0066101

Apical PM ib'y 20 Apical PM

5 min

30 min

%k % %k %k

vy

=
o
1

mean intensity ratio
o
[8)]
1

o
=)
1

Figure 10. Effect of CRT0066101 in the secretion of HA in MDCK cells. A. Representative
images of multiple MDCK cells overexpressing mKate2-FM4-HA. The greyscale images show
mKate2's signal at a plasma membrane plane or at a Golgi plane, at 5 min and 30 min after
addition of the D/D solubilizer. Zoom ins show the signal of GM130 (immunolabeled) in
green, and HA signal (reported by mKate2) in magenta. Scale bar 3um. (Unpublished data
shared by Y. Wakana). B. Mean fluorescence intensity ratio of HA at the plasma membrane
of MDCK cells. Comparison between a control (DMSO), and the inhibitor CRT0066101. N of
the DMSO = 451 cells, N of the PKD2 siRNA 1 = 378 cells. Statistical significance calculated
with two-tailed Welch's t-test, p-value < 0.0001.

Figure 10 shows the mean fluorescence intensity ratio of HA at the plasma
membrane, calculated as explained in equation (1). The fluorescence intensity at the
plasma membrane was calculated by integration of the HA fluorescence intensity
divided by the cell area. The fluorescence intensity at the Golgi was calculated by
integration of the fluorescence intensity at the segmented Golgi structures
(obtained from the TGN46 channel), divided by the Golgi area (TGN46 mask). One



can appreciate that the inhibition of all PKD isoforms with CRT0066101"" results in
lower secretion of HA, indicating that PKD activity is necessary for the secretion of
this protein.

4. MECHANO-REGULATED CARGO TRANSPORT TO FOCAL
ADHESIONS

The following project has been in collaboration with J. Vera (ICFO-Institute of
Photonic Sciences, Spain) (unpublished work). This project is framed within the
broader context of a research in which mechanotransduction by cell adhesions is
investigated. Cell adhesions are plasma membrane regions enriched in integrins ad
other adhesion proteins that are used by cells to attach to their substrate. In cell
migration, actin, microtubules, and intermediate filaments are regulated by common
signaling cascades that initiate and coordinate their polarization and extension
toward the region where the cell front is formed.” Mechanotransduction, which
refers to the series of mechanism by which cells convert mechanical stimuli from
their environment into intracellular biochemical signals, is essential for cell
migration. Cells with strong matrix adhesions and high contractility migrate in a
mesenchymal manner, adhering to the extracellular matrix (ECM) via integrin-
mediated focal adhesions (FAs)." FAs play a crucial role interacting with the actin
cytoskeleton and microtubules to mediate force transmission and signal
transduction.?®

Mechanotransduction occurs via: (i) integrin activation and FA formation?, (ii) force
transmission through biochemical signals by mechanosensitive proteins like the
focal adhesion kinase (FAK)?, (iii) cytoskeletal reorganization®, and (iv) changes in
gene expression.*

One needs to consider that most of the plasma membrane proteins come from the
secretory pathway, and are therefore processed through the ER and the Golgi

apparatus.”®

Moreover, these two organelles are key to determine the lipid
composition of the plasma membrane, through coordinated lipid synthesis,
modification, and transfer mechanisms, involving both vesicular and non-vesicular
pathways.? It is therefore logical to think that the secretory pathway might be in
high synchrony with the mechanical sensing pathways that regulate cell adhesion

and migration.

Indeed, it has been shown that Rab6-positive carriers, which transport CD59, TNFa
and collagen X, are delivered to so-called “"exocytosis hotspots” very close to FAs,
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and contribute to FA turnover during directed cell migration.?”?® The trafficking to
FAs of these Rab6-positive carriers is Rho- and PKD-dependent.?’ Given that PKD is
also necessary for CARTS fission at the TGN, we wanted to assess whether CARTS
are also trafficked to FAs. This could establish a first link between CARTS and
mechanosensation at FAs.

To do so, we analyzed the spatial delivery of CARTS at the plasma membrane and
looked at the distance of these carriers to FAs. We used PAUF-mKate2-FM4 to
synchronize protein secretion, and looked at the presence of PAUF-positive carriers
by TIRF microscopy. FAs were imaged by overexpression of Paxillin-eGFP, a bona
fide marker protein of these structures. We looked at the mean distance to FA
boundaries of the last 5 seconds of the traces of PAUF-mKate2-FM4 before
disappearance, to quantify whether there was a spatial preference for the delivery
of CARTS to FAs.

4.1. METHODS

Cell culture and molecular biology

mKate2-FM4-PAUF plasmid was cloned by Y. Wakana (School of Life Sciences, Tokyo
University of Pharmacy and Life Sciences, Japan) from the plasmid mKate2-FM4-GPI
(generous gift from C.G.Burd, Yale School of Medicine, New Haven, CT).

Hela cells were grown in DMEM supplemented with 10% FBS, and 1% penicillin and
streptavidin. Cells were seeded on 35 mm cell imaging dishes with glass bottom
(#81218-200, Ibidi) the previous day. The imaging dishes had been previously
coated with fibronectin by incubation with a solution at 10 ug/ml for 30 minutes at
37°C. Overexpression was performed with X-tremeGENE 9 DNA transfection reagent
(Roche), 20 hours before the experiment, and according to the manufacturers’
protocol.

Secretion synchronization

Cells were incubated at 20°C for 45 minutes with the 1 uM of D/D solubilizer (to
dissolve mKate2-FM4-PAUF aggregates and allow this protein to leave the ER) and
100 nM of cycloheximide (to inhibit new protein synthesis)®®. Afterwards, the
medium was exchanged for the same solution with D/D solubilizer and
cycloheximide, but also including 25 mM HEPES pH 7.4. Cells were moved to the
microscope for incubation at 37°C. Imaging was started after 45 min incubation.

Imaging with TIRF microscopy



Imaging was performed on a Nikon Eclipse Ti system using a 100x oil objective with
NA of 1.49, equipped with an ANDOR technology EMCCD iXon 897 camera, with a
256x256 field of view, and 156.7 nm pixel size. The system has 4 laser lines of
wavelength: 405 nm, 488 nm, 560 nm and 647 nm. Imaging at 37°C was achieved
with a custom-built incubator. The lasers were placed in TIRF. Videos were recorded
at a frame rate of 1 frame/second with continuous illumination at 10% laser power
(~18.25 W/cm?) of the 560 nm laser. Before and after the imaging, one screenshot
of the paxillin-labeled focal adhesions was taken using the 488 nm laser at 5% laser
power (~1.55 W/cm?), 1 frame/second integration time.

4.2. DEVELOPED ANALYSIS

Diffusion data from all cells was integrated as single histograms to better identify
trends. This enhanced the statistical power of our analyses by providing a larger
number of data points. However, we would like to note that it would have been
more appropriate to select a descriptor such as the mean or the median values per
experimental repeat, which ideally would be different samples containing multiple
cells. The primary reason for not doing so was the lack of sufficient data. Despite
this, 1 chose to highlight the developed image analyses in this section,
acknowledging that the published data should ideally contain more comprehensive
datasets. This data is preliminary and unpublished, and further experiments will aim
to address these limitations and provide a more robust dataset.

Carrier detection and tracking

Detection and tracking were performed using TrackMate.?' Spot detection with
TrackMate was performed using the LoG (Laplacian of Gaussian) detector, an
estimated object diameter of 0.6 ym, a quality threshold of 1, and subpixel
localization was allowed. No further quality thresholding was applied. The tracking
was performed with the LAP tracker, allowing a linking distance of 1.2 uym, a gap-
closing max distance of 1.2 ym, and 1 gap-closing max frame gap.

Diffusion analysis

The diffusion analysis was performed with a self-written MATLAB user interface
(described in Chapter 4). It can be found in the following Github repository link:
https://github.com/JessicaAngulo/SPT analysis Ul.git

This user interface allowed the selection of an ROI containing the cell area, and
therefore excludes trajectories laying outside. For each identified trajectory, we
computed the diffusion radius, as a measure of the mean distance explored by the
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particle to the mean centroid position. The mean centroid position for a given set of
coordinates (x;,y;) is:

N N

1 1

x=Nin andyzNZyi (M
i=1 i=1

The diffusion radius (Rg;ss) is the mean distance to the centroid position calculated

as:

N
1
Raifr = Nz Vi — %2+ (y; — 9)? 2)
=1

We considered for the analysis only those trajectories longer than 20 frames, and
the diffusion radius was only calculated for the last 5 seconds of the trajectory (which
selects the number of N), in order to select the fusing events as much as possible.

Detection of FAs

The detection of the fluorescent FAs was performed with the same custom-written
MATLAB user interface as mentioned before, which can be found in the following

repository link: https://github.com/JessicaAngulo/SPT analysis Ul.git

First, the FA marker (paxillin-eGFP) channel image (contrast adjusted) is Gaussian
filtered with the MATLAB function imgaussfilt, which uses a 2-D Gaussian smoothing
kernel of standard deviation 2. Then, this filtered image is used for the user selection
of an intensity threshold, which in turn is used on the original image. The obtained
binary mask is already used for the identification of the structures’ boundaries, using
the function bwboundaries ('noholes’ option).

Measurement of the distances to FA

The distance of all localizations (of the PAUF channel) to the boundaries of these
identified structures (segmented FA channel) was calculated using k-nearest
neighbors. This function finds the closest boundary point for each localization, and
computes the distance (function knnsearch). Only the last 5 seconds were used for
the calculation of a mean distance value.

4.3. RESULTS

We calculated the probability to disappear, by simply measuring the number of
trajectories, with respect to the FA distance, as a read-out of carrier fusion with the
plasma membrane. In Figure 11A, one can appreciate that this probability decays
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with the distance to FAs, although it still remains quite high for distances larger than
5um. In an earlier publication, S. Stehbens et al. reported similar measurements, yet
tracking a different type of carriers, the Rab6-positive carriers.?® Our distribution is
broader than that reported by. S. Stehbens et al. (see Figure 11B). These differences
may arise from many of the carriers fusing at places far from FA boundaries because
they do not carry proteins important for FA turnover and mechanosensing. However,
it is also possible that many of these carriers disappeared because of
photobleaching or because they went out of the focal plane.
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Figure 11. Probability to disappear with respect to FA distance. A. Distribution of
disappearance events with respect to the distance to the FA boundaries. The distance to the
FAs is calculated as the mean distance of the last 5 seconds before disappearance. N= 6 cells.
B. Distribution of disappearance reported by S. Stehbens et al., Nature Cell Biology (2014).28
Overexpression of EGFP-Rab6A and paxillin-mCherry on HaCaT cells. Histogram of the fusion
events in a 10 min time-lapse sequence compared with a uniform distribution (20x20 pixel
grid).

In order to select as much as possible, the carriers that are fusing, rather than the
ones that disappeared for other reasons (photobleaching or out-of-plane
movement), we computed the diffusion radius. We expect that carriers display a
rather confined motion before fusing with the plasma membrane due to the docking
mechanisms. This was quantified by examining at the diffusion radius of the last 5
seconds of the trajectory. Figure 12A shows the distribution of the mean diffusion
radius over these 5 last seconds with respect to the distance to FA boundaries.
Carriers with very small diffusion radius (i.e. relatively confined trajectories)
disappear very close to FAs, mostly within a 5um region. They have a very defined
diffusion radius, which could indicate a relative size of the delivery hotspot, or a
spatial confinement within the carrier before delivery. The diffusion radius,
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understood as the mean distance to centroid position, could indicate that the
protein moves within a carrier of about 200 nm in diameter, which fits with the
measured size of CARTS.?

If we again look at the distribution of diffusion radius, but we separate carriers that
exhibit very small diffusion radius (smaller than 0.15 um) from the ones that have a
higher diffusion radius (higher than 0.15 um), one can appreciate that the more
confined carriers (i.e. small diffusion radius) are located very close the FA boundaries
before disappearing, whereas the highly mobile carriers (i.e. large diffusion radius)
uniformly disappear at all distances to FAs (see Figure 12B).

Taken together, these data indicate that there is a preference for CARTS fusion at
plasma membrane sites very close to FAs. So far, it seems that CARTS contain
molecules that are important for cell adhesion and migration. It would be interesting
to report which of the proteins transported through CARTS might be related to this
cellular activity. Also, whether these proteins travel exclusively through this carrier,
and whether the Rab6-positive carriers investigated previously were CARTS. J. Vera
is also performing experiments in cells mechanically stretched, to see whether there
is a feedback loop that promotes cargo delivery at FAs upon mechanical stress.

B

0.16

>

20
[ small diffusion radius

[C8ig diffusion radius | |

0141

Median distance to boundary [um]
S -
g < i & §F & g
Anjiqeqouad
Probability
e o o o o
o o o o = .
N S =3 -3 - (]

o

0.2 0.4 0.6 0.8 1 12 14 A0 5 0 5 10 15 20

Diffusion radius [um] Median distance to boundary [umi]
Figure 12. Diffusion radius of the carriers before disappearance. Both the diffusion radius
and the distance to the FA boundaries are calculated with the last 5 seconds of the trajectory.
N = 6 cells. A. Heatmap of the diffusion radius with respect to the mean distance to the FA
boundaries. B. Distribution of the diffusion radius with respect to FA distance. Diffusion
radius smaller than 0.15 um are considered small (blue), and diffusion radius larger than 0.15
um are considered large (orange).



5. DYNAMICS OF ER-TO-GOLGI TUBULAR TRANSPORT

This contribution was published in: Wong-Dilworth, L., Bregu, G., Restel, S., Rodilla-
Ramirez, C., Ebeling, S., Harel, S., Leupold, P., Grimm, J., Lavis, L.D., Angulo-Capel, J.,
Campelo, F., Bottanelli, F. (2023) Nanoscale imaging reveals the mechanisms of ER-
to-Golgi transport via a dynamic tubular vesicular network. bioRxiv
2023.10.27.563951

The publication investigates the process of ER-to-Golgi transport. As already
explained in Chapter 1, the classical ER-to-Golgi transport model involves the
formation of small COPII vesicles, that bud from ERES and travel to the Golgi via the
intermediate compartment (the ERGIC). However, a number of processes cannot be
simply explained within the framework of this model, such as how large and rigid
cargo proteins, such as collagens, are trafficked from the ER to the Golgi. It has been
suggested that cargoes could instead travel through larger tubules rather than
vesicles. These tubules have been shown to either be structurally separated from the
ER and Golgi****, or to fuse both membranes.® In this paper, Wong-Dilworth et al.
bring experimental evidence that is compatible with a model in which there is more
continuity between the ER and the ERGIC membranes. With live-cell super-
resolution STED microscopy, the authors show the step-by-step cargo transfer from
the ER to the Golgi through an interconnected tubular network that is positive for
the small GTPase ARF4, the ERGIC-receptor protein ERGIC53, and partially decorated
by COPI components. The main points of the publication include:

(i) ARF4 and COPI define a highly dynamic tubular-vesicular network of ER-Golgi
intermediate compartments.
(i) The ARF4 network dynamically remodels around static ERES.

(ii) Anterograde cargo, visualized by secretion synchronization using the RUSH
assay, percolates through the ARF4 tubular network.

(iv) Acute degradation of ARF4 triggers COPI dissociation and mis-regulation of ER-
Golgi transport.

Figure 13 shows how this tubular network could serve as an intermediate
compartment between the ER and the ERGIC or cis-Golgi cisternae, and that
functions for cargo sorting to either anterograde or retrograde transport. While this
network is decorated with ARF4 and COPI components, COPI is only present in some
subdomains of the carriers, possibly acting as retrograde transport sorting domains.
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Retrieval to the ER could be then mediated by COPI, also present in the tubules,
through COPI vesicles or direct tubular connections with the ER. Anterograde
transport could travel to ERGIC structures or directly to the cis-Golgi through these
transport tubules, or by direct contact with the ER.

My contribution in this publication included 3 different quantifications needed to
support the conclusions laid down in points (i) and (i)). The first one was a
quantitative measurement of the mobility of peripheral ERGIC tubular structures, as
seen by live-cell confocal fluorescence microscopy; as well as a comparison of this
measure between more rounded tubules, and more elongated tubules. This was
performed both in HelLa and human retinal epithelial (RPE-1) cells. The second
contribution was the measurement of the movement of peripheral ERGIC tubular
structures as compared to ERES. Finally, | performed a quantification of the proximity
between ARF4 tubules and ERES.

cis-Golgi

Figure 13. ER-to-Golgi transport occurs via a dynamic network or ARF4 tubules. A
tubular network decorated with COPI and ARF4, and with no COPII serves as an intermediate
compartment that regulates cargo destination. Cargo could travel through this ERGIC
structures through intermediate tubules or by direct contact with the ER. ERGIC-to-ER
retrieval could be mediated by either 1) COPI vesicles forming from ERGICs and fusing with
the ER network below or 2) direct tubular connections with the ER. (Taken from Wong-
Dilworth, L. et al., BioRxiv (2023)3%).

5.1. METHODS

Performed by L. Wong-Dilworth (Institute of Biochemistry, Freie Universitat Berlin,
Germany) and other members of F. Bottanelli's laboratory.

CRISPR-Cas9 gene editing



ARF4 endogenous Halo tagging is described in Wong-Dilworth, L. et al., Journal of
Cell Biology (2023).3 Sec13 endogenous SNAP tagging is described in Wong-
Dilworth, L. et al., BioRxiv (2023).%°

Sample preparation

Imaging of live-cell samples was carried out on glass-bottom dishes (3.5 cm
diameter, No. 1.5 glass; Cellvis) coated with fibronectin (Sigma-Aldrich). Live cells
were labeled for 1 h using HaloTag and SNAP substrates at a concentration of 1 uM.
To remove the excess of dye, cells were washed three times with growth medium
after the staining and left for 1 h in an incubator at 37°C and 5% CO2. Imaging was
done in FluoBrite DMEM (Gibco) supplemented with 10% FBS, 20 mM Hepes (Gibco),
and 1x GlutaMAX (Gibco). Live-cell experiments were performed at 37°C. For
confocal imaging of ARF4 and Sec13, the combinations of Janelia Fluor dyes were:

e ARF4-Halo: JF552-HaloTagligand
e Sec13-SNAP: JFX650-SNAPTagligand
Laser-scanning confocal microscopy

Imaging was carried out on an Abberior Expert Line STED microscope supplied with
485, 561 and 646 nm laser lines and an Olympus Objective UPlanSApo 100x, NA
1.40, WD 0.13. Two-color images were acquired sequentially line by line. The
detection was performed using avalanche photodiodes with detection windows set
to 571-630 nm and 650-756 nm. Acquisition was done using the Instruments
Development Team, Imspector Image Acquisition & Analysis Software v16.3.16118
(http://www.imspector.de). The pixel size was set to 60 nm or 80 nm. For live-
samples, the temporal resolution was 2 seconds. Live-cell imaging was carried out
at 37°C.

5.2. DEVELOPED ANALYSIS
Calculation of the proximity of ARF4 tubules to ERES

The spatial proximity between ARF4-positive structures and ERES (detected by using
the COPII component Sec13 as a marker protein) was quantified from images
acquired with laser-scanning confocal microscopy was quantified with a custom-
made  MATLAB code, available on the following Github link:
https://github.com/JessicaAngulo/Tubules proximity analysis.git
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The structures in each channel (ARF4 and Sec13 channels) were detected by firstly
applying a dehazing technique (imreducehaze function), Gaussian filtering
(imgaussfilt fuction), and contrast adjusted (imadjust function) to enhance image
quality. Second, an automatic intensity threshold was applied, defined as the mean
pixel intensity plus 2 times the standard deviation, for the images on Hela cells, or
the mean intensity plus 1 time the standard deviation, for images on the RPE-1 cells.
Structures were detected using the bwboundaries function on the binary image. Only
structures with a minimum area of 10 pixels and a maximum area of 400 pixels were
retained (pixel size was 0.06 um). The upper size limit allowed for the exclusion of
those large structures found in the ARF4-labeled perinuclear area (see Figure 14).
Next, the distances between the centroid positions of the ARF4- and Sec13-labeled
structures (center-to-center distance) were calculated using the nearest neighbor
distance approach (knnsearch function). Based on visual inspection, ERES found
within 6 pixels (360 nm) to their nearest ARF4-positive structure were considered to
be adjacent.

Figure 14. Proximity analysis between ARF4 tubules and ERES on Hela cells. ERES were
labeled with endogenously SNAP-tagged Sec13. ARF4 was endogenously Halo-tagged, and
labeled with JF552 fluorophore. Scalebar 20 um. a. Detection of ARF4 tubules. Only the ARF4
channel is shown in the greyscale image for simplicity. Segmented structures are colored in
different colors to distinguish each individual structure. b. Proximity between Sec13 puncta
(green) and ARF4 tubules (magenta). When the structures are closer than 6 pixels, they were
considered to be adjacent (labeled as white circles).

Individual cells were used as experimental repeats, versus different samples
containing data from several cells, to better capture the intrinsic biological variability
present within the cell population. This enhanced the statistical power of our
analyses by providing a larger number of data points. Since different conditions were



not compared, we considered that there would not be pseudoreplication.” We
ensured that each cell contained sufficient information (i.e. high number of punctate
structures), and that each one was independently processed and analyzed.

Detection and tracking of Sec13 puncta

The detection and tracking of the ERES (imaged with the COPIl component Sec13),
which generally appeared as round structures, was performed using TrackMate.*’
Spot detection with TrackMate was performed using the LoG (Laplacian of Gaussian)
detector, with an estimated object diameter of 0.6 um, a quality threshold of 1, and
subpixel localization was allowed. No further quality thresholding was applied. The
tracking was performed with the LAP tracker, allowing a linking distance of 1.2 um,
a gap-closing max distance of 1.2 um, and 1 gap-closing max frame gap.

Detection and tracking of ARF4 tubules

TrackMate did not perform satisfactorily on the ARF4 structures, due to their
heterogeneous shape (from round structures to rather elongated tubules; see
Figure 15A). To circumvent this, we leveraged the morphological resemblance
between ARF4 structures and mitochondria and used MitoMeter, an algorithm for
segmentation and tracking of elongated structures such as mitochondria.*’
MitoMeter segmentation was performed with a minimum structure area of 0.3 ym,
and a maximum structure area of 200 um. No custom Gaussian filtering and no
threshold were applied. For the tracking, the maximum velocity threshold was set to
1 um/s. Fission and fusion events were considered.

Using the shape characterization provided by Mitometer, the aspect ratio of the
ARF4 tubules was used for the classification of the diffusion parameters. The aspect
ratio is defined as the major axis length divided by the minor axis length. Structures
with an aspect ratio smaller than 1.5 were categorized as rounded, while those with
a larger aspect ratio were considered elongated. When considering entire
trajectories, the criterion to classify them as rounded or elongated was based on a
majority rule, that is if more than half of the frames were assigned to either of these
categories, then the entire trajectory was assigned to that category (see Figure 15A).

Characterization of ARF4 and Sec13 dynamics

Further analysis of the tracking data was performed using a custom-made script
coded in MATLAB (available on:
https://github.com/JessicaAngulo/Tracking tubules.qgit).
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The ARF4-labeled perinuclear area was excluded from the analysis. For each
identified structure, we computed (i) the instantaneous velocity in every frame as
the frame-by-frame displacement divided by the frame time and (ii) the diffusion
coefficient (also referred to as instantaneous diffusion coefficient, D,_,), which was
calculated from the time-averaged mean square displacement (TA-MSD).
Specifically, for a particle trajectory with coordinate position vectors x;, sampled in
time N times, the TA-MSD at time lag t,,, is calculated as:

1

TA-MSD(t)q, = mAt) = T

N-m
Z [xj(ti + mAt) - xj(ti)]z (3)
i=1

where t;,, = mAt, form = 1 to 4, where At is the frame time. From here the diffusion
coefficient, D;_,, was computed by a linear fit of:

TA-MSD(t1q5) = 4D1_4tiqy + b 4)

" n

using the first four time lags. The "y" intercept (b) is also fitted for each trajectory.
For these computations, we used only those trajectories with a minimum trajectory
length of 12 frames.

Different samples containing data from several cells were used to compare
differences between different experimental conditions, and avoid pseudoreplication.

5.3. RESULTS
Diffusion properties of peripheral ARF4-positive ERGICs

In this publication, thanks to the high spatial resolution of live-cell STED microscopy
time-lapse movies, we were able to distinguish between different subclasses of
ARF4-positive ERGICs in both HelLa and RPE-1 cell types. Those tethered to the cis-
Golgi cisternae are named in this publication Golgi-associated ERGICs (GA-ERGICs),
whereas those located at the cell periphery are named peripheral ERGICs (p-ERGICs).
Moreover, ARF4 forms highly mobile tubules that emanate from static p-ERGICs. In
order to provide an unbiased quantitative assessment as whether it is true that there
are two populations of ARF4-positive p-ERGICs, we looked at their diffusion
properties according to their shape (i.e. their aspect ratio). Figure 15A shows two
examples of ARF4-positive structures with either a more elongated shape (left) or a
more circular shape (right). When plotting the distributions of instantaneous velocity
or diffusion coefficient with respect to their aspect ratio, we observed a clear
correlation following a linear relationship, that is, the more elongated the structure
is, the faster it moves (Figure 15B-C).
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Figure 15. ARF4-positive p-ERGICs are characterized by elongated and rounded
tubular-vesicular structures. A. Classification of ARF4 structures. The aspect ratio was used
to determine whether a structure is elongated or rounded. Structures with an aspect ratio
above 1.5 are considered elongated and structures with an aspect ratio below 1.5 are
considered rounded. The aspect ratio was determined as described in the methods. Scale
bar 1 um. B-C. Dynamic properties of ARF4 structures detected in one representative Hela
cell with respect to the mean aspect ratio. B. Instantaneous velocity. C. Diffusion coefficient.
(Published in Wong-Dilworth, L. et al., BioRxiv (2023)%).
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Figure 16. Diffusion properties of the elongated and rounded ARF4-positive p-ERGIC
structures. A. Relative frequency of the diffusion coefficient from elongated (grey bars) and
rounded (black bars) ARF4 structures. Analysis on Hela cells. B-C. Scatter dot plot of the
diffusion coefficient of elongated and rounded ARF4 structures. Error bars represent mean
and SD of the cell median values (black dots). Significance calculated between the median
values per cell with a paired t-test. B. Analysis on Hela cells. Black dots represent median
value for each cell (N = 7 cells), and grey dots represent individual structure values
(Elongated N = 335, rounded N = 143 structures). P-value = 0.0032. C. Analysis on RPE-1
cells. Black dots represent median value for each cell (N = 5 cells), and grey dots represent
individual structure values (Elongated N = 108, rounded N = 45 structures). p-value = 0.2052.
D. Relative frequency of the instantaneous velocity from elongated (grey bars) and rounded
(black bars) ARF4 structures. Analysis on Hela cells. E-F. Scatter dot plot of the instantaneous
velocity of elongated and rounded ARF4 structures. Error bars represent mean and SD of the
cell median values. Significance calculated between the median values per cell with a paired
t-test. E. Analysis on Hela cells. Black dots represent median value for each cell (N = 7 cells),
and grey dots represent individual displacement values (Elongated N = 6548, rounded N =
3617 displacements). P-value = 0.0016. F. Analysis on RPE-1 cells. Black dots represent
median value for each cell (N = 5 cells), and grey dots represent individual displacement
values (Elongated N = 1960, rounded N = 979 displacements). P-value = 0.0046. (Published
in Wong-Dilworth, L. et al., BioRxiv (2023)>).

Figure 16 shows the calculated diffusion coefficients and instantaneous velocities
of the detected elongated and rounded structures both for HeLa and RPE-1 cells. In

Hela cells, we observed that ARF4 elongated structures have a higher diffusion
coefficient and instantaneous velocities than the rounded ones. In the case of RPE-



1 cells, the differences in the diffusion coefficient between rounded and elongated
structures is not significant, but the instantaneous velocity is higher on elongated
structures as compared to rounded ones. However, it is to be noted that the statistics
for the RPE-1 cell line are smaller. This suggests that there are different populations
of p-ERGICs of different shape and dynamics, that could have distinct cellular
functions. A possible working hypothesis would be that the rounded and more
immobile structures could be stable ERGICs specialized in the transport to different
destinations, whereas the more mobile tubular structures may connect the rounded
ones transferring cargo from one to another.
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Figure 17. Colocalization of ARF4 and Sec13. Quantification of ARF4-positive carriers
adjacent to Sec13-labeled ERES and Sec13-labeled ERES adjacent to ARF4-positive carriers.
Each spot represents the mean percentage per cell, each one with 200-700 puncta. A.
Quantification on Hela cells. Significance calculated with a 2-tailed paired t-test, p-
value=0.0013. B. Quantification on RPE-1 cells. Significance calculated with a 2-tailed paired
t-test, p-value<0.0001. (Published in Wong-Dilworth, L. et al., BioRxiv (2023)3°)

Proximity between ARF4 tubules and ERES

The authors showed that, both in HeLa and RPE-1 cells, observed with confocal time-
lapse microscopy, the majority of the ARF4-positive p-ERGICs appeared to be
associated with ERES puncta, marked by endogenously SNAP-tagged Sec13. To
quantitatively assess this observation, we computed the percentage of ARF4
structures that are adjacent to Sec13 puncta, and the percentage of Sec13 puncta
that are adjacent to ARF4 structure (see Figure 17). Our data revealed that, indeed,
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most of ARF4-positive carriers are adjacent to ERES. We suggest that, in those cases,
the transfer of cargo from ERES to p-ERGICs is taking place. However, most of the
ERES are not associated with ARF4-positive p-ERGICs, possibly because not all of

them are active in a given time point.

A

I BZ,. r CZ,. ]
S @ B
= 401 ARF4 T 1014 NE 1014
> A £ = |
S Il Secl3 = 1 -
o 301 = c B
Z 5 102 2 5 1074
£ 207 R Y g 1
] L = . S 3
2 101 8 10-34 f S 10-34 E'
< o ° i
¢ 1L S 1 5
X o S T T T T T T 1_/9-) 1044 5 1044
O © D A o O ¥ D >
PN EEHIFFL 5 ]
SRS RS SIS IS RN NN £ 1 £ T
Diffusion coefficient [pm?s] al ARF4 Sec13 o ARF4 Sec13
*
D Ez = F_'
3 507 E 1.2- N
I E ] E 1
> 40- ARF4 > 1.0 =)
S 1 Il Secl3 © 1 S 0.8
S 30 S 0.8 o ]
g S 06 > 06
= 201 o 067 g O
S 3 0.4 g ]
; 104 o ] c 0.49
© c IS
© 1 S 0.2 S 1
@ c 1 = -
o TTr—TT T T T T T @ silsie estngse 5 0.2
S 0.0 ST e 2 8
I NI DX D 0 A 9,9 £ ]
07 07070707 0T QT 0" 0T Q7 Yy 2 ARFE4 Sec13 ool s
Instantaneous velocity [pm/s] - :
ARF4 Secl13

Figure 18. Diffusion properties of the p-ERGICs structures and ERES. P-ERGIC tubules
are labeled with ARF4, and ERES are labeled with Sec13. A. Relative frequency of the diffusion
coefficient from ARF4 (grey bars) and Sec13 (black bars) structures. Analysis on Hela cells.
B-C. Scatter dot plot of the diffusion coefficient of ARF4 and Sec13 structures. Error bars
represent mean and SD of the cell median values (black dots). Significance calculated
between the median values per cell with a paired t-test. B. Analysis on Hela cells. Black dots
represent median value for each cell (N = 7 cells), and grey dots represent individual structure
values (ARF4 N = 464, Sec13 N = 586 structures). P-value = 0.0012. C. Analysis on RPE-1
cells. Black dots represent median value for each cell (N = 5 cells), and grey dots represent
individual structure values (ARF4 N =143, Sec13 N = 360 structures). p-value =0.0194. D.
Relative frequency of the instantaneous velocity from ARF4 (grey bars) and Sec13 (black bars)
structures. Analysis on Hela cells. E-F. Scatter dot plot of the instantaneous velocity of ARF4
and Sec13 structures. Error bars represent mean and SD of the cell median values (black
dots). Significance calculated between the median values per cell with a paired t-test. E.
Analysis on Hela cells. Black dots represent median value for each cell (N = 7 cells), and grey
dots represent individual displacement values (ARF4 N = 3614, Sec13 N = 25391
displacements). P-value = 0.0010. F. Analysis on RPE-1 cells. Black dots represent median
value for each cell (N = 5 cells), and grey dots represent individual displacement values (ARF4
N = 2726, Sec13 N = 11047 displacements). P-value = 0.0231. (Published in Wong-Dilworth,
L. et al., BioRxiv (2023)3).



Diffusion properties of peripheral Sec13-positive ERGICs

Visual inspection of the microscopy time-lapse movies suggested that ARF4 tubules
rapidly remodel around the stationary ERES. We therefore examined the dynamics
of ARF4 tubules and Sec13 puncta. Figure 18 shows the calculated diffusion
coefficients and instantaneous velocities of the detected structures both for Hela
and RPE-1 cell lines. Both for cell lines, ARF4 tubules have a higher diffusion
coefficient and instantaneous velocities than Sec13 puncta (ERES).

6. DISCUSSION

In this chapter, we have highlighted the importance of using computational
approaches for quantification. Computational pipelines offer several benefits in
terms of: (i) standardization and consistency, (ii) efficiency and throughput, and (i)
sophisticated analysis. | have performed different image quantifications in four
different projects, all of them in the context of intracellular trafficking and confocal
fluorescence microscopy.

The first project was in collaboration with Y. Wakana and was published in Journal
of Cell Biology. My contributions included:

() Quantifying distances between Golgi ministacks in different channels in
nocodazole-treated Hela cells, focusing on the ER-Golgi MCS proteins Sac1 and
VAP-A. In our results, the mutant Sac1 K2A is closer to VAP-A than to the cis-Golgi
marker GM130. This was then useful to identify interacting partners through
immunoprecipitation and mass spectrometry, particularly the identification of SCAP
as a new ER-Golgi MCS protein.

(i) Conducting colocalization quantification between carriers in different channels,
particularly between the SM sensor equinatoxin-SM (EQ-SM) and the CARTS cargo
PAUF. Our quantification showed that 74 +15% of PAUF-MycHis-positive CARTS
contained EQ-SM, suggesting that they CARTS and SM-rich carriers could be the
same.

The second project, also in collaboration with Y. Wakana, was a quantification of the
secretion of HA, after inhibiting ER-Golgi MCS components in different ways. In Hela
cells, the inhibition was performed with siRNAs against PKD2 and OSBP. In MDCK
cells, the inhibition was performed with the PKD inhibitor CRT0066101. In all cases,
the mean relative fluorescence intensity at the plasma membrane was reduced. This
presents HA as another possible CARTS-specific cargo. Future work will focus on
finding whether it can exit through other TGN-derived carrier formation pathways.
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The third project was in collaboration with J. Vera, and was in the context of FA
formation. It was shown that Rab6-positive carriers deliver to "exocytosis hotspots"
near focal adhesions (FAs) and contribute to FA turnover during directed cell
migration. We wanted to assess whether CARTS also show a similar preference, since
both Rab6-positive carriers and CARTS are PKD-dependent. Therefore, we analyzed
the spatial delivery of CARTS at the plasma membrane and their proximity to FAs.
Using PAUF-mKate2-FM4 to synchronize protein secretion, we observed PAUF-
positive carriers with TIRF microscopy. FAs were imaged by overexpressing Paxillin-
eGFP. We measured the mean distance of PAUF-mKate2-FM4 carriers to focal
adhesion boundaries during the last 5 seconds before their disappearance. We
concluded that CARTS preferentially fuse at plasma membrane sites near focal
adhesions (FAs), suggesting they contain molecules crucial for cell adhesion and
migration. Future research should identify which proteins transported by CARTS are
related to these activities, determine if these proteins travel exclusively via CARTS,
and ascertain whether previously studied Rab6-positive carriers were actually
CARTS.

The last project was in collaboration with L. Wong-Dilworth, and the results have
been published in BioRxiv. This study challenges the classical model of small COPII
vesicles transporting cargo from the ER to the Golgi, and proposes that larger
cargoes travel through a dynamic tubular network. Using live super-resolution STED
microscopy, the authors demonstrated step-by-step cargo transfer via an
interconnected network marked by ARF4, ERGIC53, and partially COPI components.
My contributions included quantifying:

() The mobility of peripheral ERGIC tubular structures, from live-cell confocal
fluorescence microscopy videos, comparing rounded and elongated tubules in Hela
and RPE-1 cells. In Hela cells, we observed that ERGIC elongated structures (labeled
by ARF4) have higher diffusion coefficients and instantaneous velocities than the
rounded ones. This suggests distinct populations of p-ERGICs with different shapes
and dynamics, potentially serving unique cellular functions. A hypothesis is that
rounded, more immobile structures are stable ERGICs specialized in transport to
various destinations, while the more mobile tubular structures transfer cargo
between them.

(i) The movement of peripheral ERGIC tubular structures relative to ERES, from live-
cell confocal fluorescence microscopy videos. Both in HeLa and RPE-1 cells, ARF4
tubules have a higher diffusion coefficient and instantaneous velocities than Sec13



puncta (ERES), suggesting that ARF4 tubules rapidly remodel around the stationary

ERES.

(ii)) The proximity between ARF4 tubules and ERES. Our data revealed that most
ARF4-positive carriers are adjacent to ERES, suggesting cargo transfer from ERES to

p-ERGICs at these sites. However, most ERES are not associated with ARF4-positive

p-ERGICs, likely because not all are active simultaneously.
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Chapter 4

Methodological Proposal for SPT in the
Secretory Pathway

To ensure accurate single-particle tracking (SPT) in the secretory pathway, several
considerations must be addressed, and optimization of both the experimental
conditions and the analysis are crucial to acquire enough and meaningful data. This
chapter does not aim to identify the best experimental conditions in all possible
scenarios, but rather to propose control experiments and identify parameter
descriptors so that any user can maximize data quality and quantity while avoiding
artifacts. The focus is on the labeling strategy, the imaging, and the data analysis.
Moreover, we highlight the aspects to be taken into account when comparing
diffusion parameters in different studies.






Chapter 4: Methodological Proposal for SPT in the Secretory Pathway

1. INTRODUCTION

Thanks to technical advances, SPT is experiencing a surge in intracellular
applications. Over the last decade, it has been extensively used to study nuclear
proteins.” More recently, a few studies have ventured into other organelles, such
as the ER. The first SPT experiments in the ER were presented by Holcman et al.,
which followed calreticulin, an ER localized protein, and the ER localized signal
sequence KDEL, and showed that the diffusion of these proteins in the ER tubes is
different from those in the tube junctions.* More recently, Obara et al. performed
SPT of the ER protein VAP-B, and correlated its movement with ER-mitochondria
contact sites.” It seems that SPT can begin to illuminate many intracellular molecular
processes by visualizing the motion of the different molecular players.

However, SPT is still a highly specialized technique that requires significant expertise
and experience from the scientist. It involves numerous details both from the
experimental and analytical side that must be meticulously managed to achieve
accurate results. Due to its complexity, the technique is challenging to reproduce
consistently, and there is a high risk of introducing artifacts and biases, which can
compromise the reliability and validity of the outcomes. To make this highly
specialized technique more accessible, several steps need to be taken:

(i) Clear documentation and manuals. The specific steps need to be carefully detailed
in the research articles so that they can be reproduced and/or adapted by other
researchers, even by those with less experience in the technique. Although the
details about the labeling, washing of the free dye, and analysis of the data are
usually described in the materials and methods sections, we have identified a
general gap in the literature, namely, that it is usually not explained the rationale
behind the selection of that methodology, nor the type of artifacts that can be
produced as a result of an incorrect handling. Hence, an unexperienced user could
adopt blindly a published SPT protocol for their own protein of interest without
adapting it to the specific needs, obtaining a suboptimal at best, or artefactual at
worst, performance. For instance, if the unbound dye is not properly washed before
imaging the protein of interest, it will result in the inaccurate determination of the
diffusion properties, as free dye trajectories would be erroneously ascribed to real
protein trajectories.

(it) Standardization of protocols. Many details both in the experimental and the
analytical part are very differently chosen across research articles. This could result
in different effective results of the calculated parameters, making it difficult to
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compare them among different studies. For instance, the selection of the imaging
frame rate varies widely across different research articles. This could yield different
effective diffusion coefficients for the same protein and experimental conditions.®
From the analysis side, many different diffusion parameters are usually calculated to
report changes upon different conditions. Even when the reported parameter is the
diffusion coefficient calculated with the TA-MSD, this calculation is implemented
differently by different scientists (e.g., the fitting has been performed using different
number of time lags), adding confusion in the interpretation of the experimental
data.

(it)) Quality control and validation. In order to identify possible artifacts and biases,
scientific works should include negative controls, in order to account for non-specific
and background signals; as well as positive controls, i.e., use samples with well-
characterized molecules with known diffusion properties to validate the accuracy of
the SPT setup.” For this validation to be performed by other scientists in the
community, it would be also interesting that the raw data were freely and openly
available through cloud-based platforms for data storage, sharing, and collaborative
analysis.

(iv) Use of automation and technology. Analysis pipelines should be available and
easy to use, not only for the community to check the published data, but also so
that they can be used on new data and the results can be compared. Nowadays, the
analysis pipelines are often not available in public repositories such as Github, or
they are not easy to implement. It is therefore necessary to implement integrated
real-time data processing and analysis software that can track particles and calculate
diffusion properties on-the-fly. This allows for immediate feedback and adjustment
of experimental conditions if necessary.

1.1. CONSIDERATIONS FOR THE IMPLEMENTATION IN
THE SECRETORY PATHWAY

There are specific challenges when using SPT in the context of the secretory
pathway. Following the recommendations described above, one should adopt
specific strategies to enhance the reliability and reproducibility of results. The first
challenge is that, to visualize single molecules within intracellular compartments,
one cannot generally use TIRF or widefield illumination, as they do not reach deep
enough into the cell, or have enough signal-to-background for proper single
molecule detection, respectively. For intracellular SPT, one typically uses HILO
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illumination. By contrast to TIRF, HILO illumination allows the imaging of intracellular
targets well enough above the cover glass. HILO also reduces background
fluorescence and enhances contrast as compared to widefield illumination, although
to a lesser extent as when using TIRF illumination. Another level of complexity of
intracellular SPT is that HILO illumination only captures a thin sheet volume (an
almost 2D space), so tracking this reduced space often produces fewer and shorter
trajectories, as proteins can move away from the illuminated volume. It is thus
paramount to optimize the methods as much as possible to acquire meaningful data
of the highest possible quality and quantity.

In this chapter, we aimed at proposing a full experimental pipeline for intracellular
SPT, in which we describe the necessary control experiments, and identify the
parameter descriptors that should be computed and measure in order to maximize
the amount and quality of the collected data without major artifacts. The focus is on
three critical steps in SPT: (i) the labeling strategy, (ii) the imaging strategy, and (ii()
the analysis of the data.

First, intracellular labeling usually comes in hand with the use of self-labeling tags
(such as HaloTag or SNAP-tag) and conjugated organic dyes. Self-labeling tags allow
the use of fluorophores of superior photophysical properties to those of fluorescent
proteins, as well as a straightforward means to obtain a sparse sampling of the
molecules of interest. Despite these indisputable advantages over fluorescent
proteins, they still present their own set of challenges, that we will describe below.
Here, we propose a set of experiments that will help SPT users to rationally select
the most convenient dye, minimize free dye (and therefore maximize the labeling
specificity), and optimize the labeling concentration (which will depend on different
factors that are intrinsic to the protein of interest, such as its characteristic
instantaneous velocities).

Second, from the imaging point of view there are also multiple parameters that need
to be optimized for each protein of interest. These parameters include the excitation
laser power, the imaging frame rate, etc., which highly depend on the optical system,
the selected dyes, and the protein being investigated. Therefore, we do not aim at
choosing the best parameters for all possible scenarios (as this is something
impossible), but rather propose a set of experiments and measurements that will
serve any user to identify the best experimental conditions for their own research.

And third, regarding the analysis of the collected data, we compare the output from
different analysis strategies. Motion parameters are calculated in various ways,
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leading to different values even for the same parameters in similar experimental
conditions. We emphasize a few considerations for comparing results from different
studies. As a key takeaway message, comparing absolute values between studies is
often unreliable due to the many specific details of experimental conditions and
analysis strategies.

2. METHODS
2.1. EXPERIMENTAL METHODS

Cell culture and molecular biology

Hela cells were grown in DMEM supplemented with 10% FBS (without antibiotics).
Cells were seeded on 35 mm cell imaging dishes with glass bottom (#81218-200,
Ibidi). The following day, plasmid transfection was performed using X-tremeGENE 9
DNA transfection reagent (Roche), 20 hours before fixation, and according to the
manufacturers’ protocol.

The plasmid used in this chapter is Halo-CALR (encoding calreticulin) gifted by E.
Avezov (UK Demential Research Institute, Cambridge, UK).

The cell line HeLa Cab45 RUSH was gifted by D. Gershlick (Cambridge Institute for
Medical Research, The University of Cambridge, UK).2 It stably expresses Strep-KDEL
and SBP-Cab45-Halo.

Sample preparation

For fixed samples, cells were fixed 20 hours after transfection by a 20-minute
incubation with 4% PFA, and the PFA was quenched incubating with 0.1% NaBH.4
(w/v in PBS, Fischer Scientific, #5/2560148) for 7 minutes. This was performed to
avoid that the leftover PFA would immobilize the free dye. NaBH4 reacts with the
free aldehyde groups of unreacted PFA, reducing them to alcohols, thereby
preventing them from reacting with other components in the sample, including free
dye molecules.®™ Cells were then labeled with either 1, 0.1, or 0.01 nM JF646, JF549,
by incubation for 15 minutes at 37°C and 5% CO.."" Alternatively, we also labeled
with 1 uM of the photoactivatable PA-JF646, or PA-JF549-HaloTag ligands, by
incubation for 15 minutes at 37°C and 5% CO.."> They were washed by incubation
with DMEM (10% FBS, without antibiotics, without Phenol red) for different amounts
of times (from 15 min to 2 hours, specified in the results), at 37°C and 5% CO.. Finally,
the medium was changed to imaging medium consisting of DMEM (10% FBS,
without antibiotics, without Phenol red) with 25 mM HEPES pH 7.4 and cells were
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taken for imaging. After each of these steps, the samples were washed 3 times with
PBS.

For live samples, cells were labeled with either 1, 0.1, or 0.01 nM JF646, JF549, by
incubation for 15 minutes at 37°C and 5% CO,'" Or with 1 puM of the
photoactivatable PA-JF646, or PA-JF549-HaloTag ligands, also incubation for 15
minutes at 37°C and 5% CO,." Cells were washed by incubation with DMEM (10%
FBS, without antibiotics, without Phenol red) for 2 hours, at 37°C and 5% CO.. Finally,
the medium was changed to imaging medium consisting of DMEM (10% FBS,
without antibiotics, without Phenol red) with 25 mM HEPES pH 7.4 and cells were
taken for imaging. After each step, the samples were washed 3 times with PBS.

SPT imaging

Imaging was performed on a Nikon Eclipse Ti system using a 100x oil objective with
NA of 1.49, equipped with an ANDOR technology EMCCD iXon 897 camera, with a
512x512 pixels field of view, 156.7 nm pixel size, and an EM gain of 100. The system
has 4 laser lines of wavelength: 405 nm, 488 nm, 560 nm and 647 nm. Imaging at
37°C was achieved with a custom-built incubator. The selected recorded field of view
was 150x150 pixel size. The illumination was HILO.

Excitation of the Janelia fluor dye JF646-HaloTag ligand was continuous, performed
with 10-30% laser power (~96 - 805 W/cm?)* of the 647 nm wavelength laser, and
acquisition was at 10-30 ms frame integration time. Excitation of the JF549-HaloTag
ligand was continuous, performed with 10-30% laser power (~18 - 147 W/cm?)* of
the 560 nm wavelength laser, and acquisition was at 10-30 ms frame integration
time.

Excitation of the photoactivatable PA-JF646-HaloTag ligand and -SNAPtag ligand
dyes was performed with 10-30% laser power of the 647 nm laser (~96 - 804
W/cm?)*. Excitation of the photoactivatable PA-JF549-HaloTag ligand and -SNAPtag
ligand dyes was performed with 10-30% laser power of the 560 nm laser (~18 - 147
W/cm?)*. Photoactivation was induced for all dyes with a 10 ms pulse of the 405 nm
laser at 1-5% (from ~124 — 1547 mW/cm?)* every 20 seconds, which was considered
enough time for the complete photobleaching of the previously photoactivated
subset of molecules.

*The laser powers were measured in epifluorescence illumination mode at the
specimen side.
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2.2. DEVELOPED ANALYSIS
Spot detection and tracking

Spot detection and tracking were performed with Trackit, an SPT software
implemented in MATLAB.™ This software uses two wavelet filters for the detection
of particles, and the candidate spots can be selected with a used defined threshold
based on the SNR. The localization of the spots are refined using a 2D gaussian fit.
The linking is performed with nearest neighbor algorithm. The tracking algorithm
can bridge gaps in detections to account for fluorophore blinking, based on user-
defined parameters.

The spot detection was performed with a thresholding value SNR = 1 or 2. It was set
to SNR = 1 when measuring changes in the SNR in different laser power conditions,
to ensure detection of all molecules; and it was set to SNR = 2, in all other
experiments. The tracking was performed with nearest neighbors, using different
values for the tracking radius, according to the optimization performed for each
condition (see Section 4). We selected a minimum tracking length of 2 frames, 1
gap frames, and a minimum track length before gap of 0 frames.

Analysis with MATLAB

The analyses are integrated into a custom-written MATLAB user interface, that
allows to load the videos in .tiff format and the tracking data coming from
TrackMate™ or Trackit' (see Figure 1A). The interface also allows to visualize all the
videos with the trajectories, and filter them by drawing an ROI, or according to other
criteria such as the trajectory length or the diffusion coefficient (see Figure 1B). It is
also possible to visualize a second channel single image, or image sequence as a
composite. One can also upload and visualize a bright field image, meant to help
drawing the boundaries of the cells with the “Select ROI" tool.

In the Analysis tab, one can get the results for different types of analysis (see Figure
1C). It is also possible to use a second channel corresponding to a fluorescence
image of a specific cellular structure, and use that to obtain measurements of the
distance of each SPT localization to the structure boundaries. In addition, we can use
this second channel to classify the diffusion properties according to the distance to
these boundaries. This type of analysis is not used or discussed in this chapter but
in Chapter 5. The codes can be found in the following Github repository link:
https://github.com/JessicaAngulo/SPT analysis Ul.git
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Figure 1. Developed user interface for the analysis of SPT data. A. Tracking data loading
tab. It is necessary to load the tracking data obtained from TrackMate or Trackit. One can
choose whether interlaced imaging have been performed. B. Track visualization tab. One can
visualize the trajectories and the localizations in different manners. It is possible to visualize
a second channel and bright field images. The data can also be filtered according to different
parameters. C. Analysis tab. The data can be uniformly filtered and analyzed with different
algorithms. If a second channel image or image sequence is present, it is possible to detect
the structures and get the diffusion parameters classified by boundary proximity.

The analyses that have been used in this chapter are:
(i) Signal-to-noise ratio (SNR).

A window of 16 pixels around each spot detected by Trackit was defined, ensuring
that the boundaries of this window remained within the image dimensions. A mask
was created to isolate the pixels within a user-defined radius around the spot's
center. In this analysis, the selected spot radius was 3 pixels. Two sub-images were
then extracted from the original image: one representing the background, where
pixels within the spot mask were excluded, and one representing the spot, where
only pixels within the spot mask were included. The SNR was calculated as the
difference between the peak intensity and the mean background intensity, divided
by the background standard deviation.
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Figure 2. Zoomed-in view of the selected window for Signal-to-Noise Ratio (SNR)
calculation. The displayed region illustrates the specific pixels involved in the SNR
calculation process. The red pixels indicate the spot area used for calculating the peak
intensity (3 pixels radius), while the surrounding pixels are the ones used for the calculation
of the background.

(it) Photon budget.

The photon count of each spot was calculated by summing the spot pixel values
(counts), adjusting for an offset of the counts in dark pixels, and normalizing by the
sensitivity and gain of the imaging system.

(counts — of fset) - sensitivity
photon count = - @)
EM gain

For this ANDOR technology EMCCD iXon 897 camera, the sensitivity, also known as
quantum efficiency is 0.95, the offset is 100 counts and the EM gain was 100x.

The photon budget was the result of summing photon counts of all spots of a single
trajectory (in fixed samples). Only immobile trajectories (i.e. with a diffusion
coefficient smaller than 0.04 um?/s) and that were present in the first frame were
included in the analysis of the photon budget.

(iii) Instantaneous diffusion coefficient (D1-4).

This parameter was calculated from the TA-MSD. Specifically, for a particle trajectory
with coordinate position vectors x;, composed of N time steps, the TA-MSD at time
lag t44 is calculated as:

TA-MSD(t)q, = mAt) =

N-m
1
N—m Z [x]'(tl' + mAt) — xj(tl-)]z (2)
i=1

and from here the diffusion coefficient, D,_,, was computed by a linear fit of
TA-MSD(t1qy) = 4D1-_4t1q4 + b using the first four time lags, t;,, = mAt, for m =

" n

1to 4, where At is the frame time. The "y" intercept (b) is also fitted for each
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trajectory. For these computations, we used only those trajectories with a minimum
trajectory length of 12 frames.
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Figure 3. Distribution of the nearest neighbor distances within the same frame. Live
Hela cells overexpressing Halo-CALR, labeled with PA-JF646-Halo ligand, and washed for 2
hours with DMEM. Imaging was performed at 20 ms frame integration time. The blue
histograms represent the distance to the nearest neighbor of each localization within the
same frame. The orange histograms represent the distance to the nearest neighbor between
consecutive frames. The overlap between the two distribution indicates connected distances
in which the probability of having connected localizations from different molecules is very
high. A. Distributions for 3 cells imaged with a photoactivation laser power of 1%. B.
Distributions for 4 cells imaged with a photoactivation laser power of 5%.

(iv) Frame rate analysis.

In order to select a linking distance that minimizes the probability to perform a
wrong connection, we calculated the distance of each localization (each detected
position molecule) to the nearest neighbor within the same frame. This provides a
measure of how close the detected molecules are to one another (a measure of
single molecule density in each frame). The obtained distribution of these nearest
neighbor distances represents an approximation to the likelihood of assigning a
wrong trajectory link as a function of the distance (Figure 3). We selected a cut-off
distance that correspond to the smallest 5% percentile of this distribution.

Each of these maximum distance cut-offs correspond to the maximum displacement
that can be detected, and therefore, when dividing by the frame time, it corresponds
to the maximum detected velocity. The maximum diffusion coefficient that can be
detected for each maximum detectable displacement has been estimated assuming
Brownian motion of a molecule, according to the Einstein relation:

(Ar?(t)) = 2dDt 3)
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where (Ar2(t)) is the mean squared displacement after time t, d the dimensionality
of the system (in this case 2), D the diffusion coefficient, and t the time interval. One
can approximate the displacement for the Brownian motion as:

ArZ ., = 2dDt 4)
where Ay, is the maximum displacement, which we approximate as:
(A7'2> = Arnzmx (5)

Therefore, the maximum detectable diffusion coefficient (D,,.) can be
approximated as:

Diax =4+ A1 oy - At (6)
(v) Static localization uncertainty or static localization precision.

This parameter was extracted from SPT data of immobile particles in fixed cells. Only
immobile trajectories (i.e. with a diffusion coefficient smaller than 0.04 um?/s), that
were present in the first frame, and that were longer than 20 frames were included
in the analysis.

For each immobile trajectory, we computed the mean x and y positions, representing
the average position of the trajectory. We then calculated the deviations of each
localization point from the mean position. We calculated the standard deviation of
the deviations in the x (std, ) and y (std,, ) directions. To combine these deviations
into a single measure of precision, we computed the root mean square of the
standard deviations, given by:

SD = fstd,zc + std; (7

Following the same estimation as for the frame rate analysis, a minimum detectable
diffusion coefficient can be calculated with the equation:

Dy = 4-Ar2, - At ®)

where Ar,,;,, is the minimum displacement, that we approximate to the previously
calculated SD (equation (7)), and At the frame integration time.

Diffusion analysis with STEP (Python)

We obtained the pointwise diffusion properties of the trajectories with STEP, a
machine learning method able to predict the diffusion coefficient and the
anomalous diffusion exponent, at each time step of the input trajectory.” The codes
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from  the original  publication of STEP can be found in:
https://github.com/BorjaRequena/step.git. The scripts for the specific data analysis

used in this thesis can be found in: https://github.com/JessicaAngulo/step.qit.

Two models were trained by B. Requena (ICFO-Institute of Photonic Sciences,
Barcelona, Spain), following a standard gradient-based training procedure. One
model served for the inference of the diffusion coefficient, and the other one for the
alpha exponent. The training procedure for these models follows the exact same
steps as the original work, incorporating three main improvements to address some
of its original issues. First, the models use the logarithm of the displacements
between consecutive steps and their sign, instead of working with the absolute
positional data. Additionally, the models were trained using batches with different
lengths, such that all trajectories within the same batch have the same length, but
different batches have different lengths. Finally, the original L1 loss function was
replaced by the L2 loss function or mean squared error (MSE), which is more
sensitive to outliers, resulting in more consistent predictions.

n T;

> i = FGD ©

i=1t=1

Lyse(x) =

nY; T;

where f(x;); is the prediction of the i-th trajectory at the time step t in a batch of n

trajectories. y; ; is the true label for the same time, and T; denotes its length. The

parameter update was performed with an Adam optimizer'®, whose learning rate
was adjusted using the learning rate finder tool from the fastai library."”’

The trajectories used in the training were generated following the procedure
described in G. Munoz-Gil et al. for the Fractional Brownian Motion (FBM) diffusion
model.”® With this approach, we strive for simplicity in the training process,
considering only the anomalous diffusion models that are strictly needed to describe
the observed experimental phenomena. It was shown in the original work that some
anomalous diffusion models, such as the scaled Brownian motion (SBM), the
continuous time random walk (CTRW), or the annealed transit-time model, yield to
confusion in the frame-wise analysis stemming from indistinguishable or
unrecognizable scenarios that result in constant predictions.' Therefore, FBM seems
to be a useful and meaningful model that can be related to the observations,
because it incorporates memory effects in the displacements, and allows for
anomalous diffusion, which can be subdiffusive or superdiffusive.


https://github.com/BorjaRequena/step.git
https://github.com/JessicaAngulo/step.git
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For the inference, we used only those trajectories with a minimum trajectory length
of 12 frames. The initial position of each trajectory was adjusted to start at the origin
(i.e., coordinate [0,0]). This means that we shifted the entire trajectory such that the
starting point is at (0,0). Additionally, we scaled the displacements (the changes in
position between consecutive frames) by dividing them by their standard deviation.
This normalization step ensures that the variations in trajectory displacements are
comparable across different trajectories, making the data more consistent for
analysis.

3. LABELING STRATEGY

As already mentioned, there are important aspects to be considered when using
self-labeling tags, such as SNAP or HALO tags. Firstly, the 1:1 labeling ratio inherent
to these tags results in lower SNR, as each protein molecule is tagged with only one
molecule of dye. This makes it essential to use dyes with superior fluorescent
properties. Recent work by Grimm et al. presented a new family of bright
photostable small fluorescent dyes (JF dyes).”” One of them, the JF549-HaloTag
ligand, was shown to be brighter than the tetramethylrhodamine (TMR)-HaloTag
ligand and Cy3-HaloTag ligand, both classically used in SPT. Another one, the JF646-
HaloTag ligand also has a higher absorbance than SiR (silicon-rhodamine), though
they did not show a comparison of the brightness.’® The same group later reported
photoactivatable versions of these two dyes, which both have even superior
fluorescent properties, as compared to the JF549, the JF646 or a classically used
photoactivatable fluorescent protein mEos3.2." Moreover, all of them display scarce
blinking, which makes them desirable for a proper linking of the detected spots.’™
These are some of the reasons why these set of dyes are being widely used

nowadays for intracellular applications.

Another challenge is the presence of unbound dye, which can increase the
background fluorescence and reduce the SNR of the individual molecules. This
unbound dye can also be incorrectly identified as the protein of interest, resulting
in inaccurate calculations of the diffusion properties of the target molecules. The
protocols used in different publications are very different, ranging from few short
washes with PBS, long incubations, or multiple short washes.*® Moreover, many of
the steps involved in the washing of unbound dye are challenging to describe and
can be very highly scientist-dependent. It is therefore necessary to establish a
systematic way to detect the unbound dye, so that every user can evaluate whether
their labeling protocol is good enough for their needs.
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Finally, the labeling density needs to be finely tuned, to avoid tracking errors and
optimize the SNR. To maximize data collection and minimize background signals,
one needs to improve the efficiency of our labeling techniques to minimize
background signals. In the literature, very low concentrations of dyes —in the
nanomolar range- have usually been used for this purpose. However, very low
concentrations of dye lead to a very low throughput, highly complicating for
instance the representation of diffusion maps, in which the diffusion properties are
represented in space to identify regions of certain diffusion properties. Given that
the varying expression levels of different proteins of interest can result in different
localization densities even with the same labeling concentration, it is important to
determine beforehand the optimal dye concentration for each experimental
condition. In the following section, we will discuss how to select the photoactivating
laser pulse in order to control de localization density, as well.

3.1. DYE SELECTION

As already mentioned, the most obvious way to maximize data collection and
minimize background signal is by selecting the fluorescent dye that has the best
fluorescent properties. In Figure 4, we show the photon budget of different dyes,
measured as the number of emitted photons before photobleaching, as a measure
of the photostability in our specific experimental conditions. For us, the JF646-
HaloTag ligand has a higher photostability than the JF549-HaloTag. The
photoactivatable versions are even more photostable, being the PA-JF646-HaloTag
ligand the one that worked best in our experimental conditions. Moreover, Grimm
et al. reported that the photoactivatable versions have superior absorbance cross-
section coefficient, meaning that they will show higher brightness with the same
laser power.
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Figure 4. Photon budget of different Janelia Fluor dyes. The photon budget is the
number of emitted photons before photobleaching of a dye. Error bars represent mean and
SD of each cell median value (black dots). For the JF549-Halo ligand and the JF646-
Haloligand, the experiments have been performed on Hela cells overexpressing Halo-
Calreticulin, labeled with 0.1 nM of dye. The PA-JF549-Halo ligand and the PA-JF646-Halo
ligand dyes were imaged in the stable cell line HeLa Cab45 RUSH. They were washed for 1
or 2 hours with DMEM at 37 °C. The excitation was performed with continuous illumination
at 30% laser power of the 647 nm laser, and the acquisition was at 20 or 30 ms frame time.
Only the molecules present in the first frame, and with a diffusion coefficient smaller than
0.04 um?/s are included in the analysis, to make sure that they are only the immobile
molecules.

Given these results, we would recommend to check which fluorophore is more
photostable in each specific experimental condition. The use of different imaging
buffers and the location within different cellular compartments with different pH and
chemical composition can influence the photon budget of the fluorophores.
Although it is true that Grimm et al. reported that the quantum yields of the 549
versions are higher than for the 646 versions, and are therefore brighter, we
recommend to prioritize the photostability, as the brightness can be tuned with the

illumination conditions.

As new fluorophores are constantly being engineered, similar measurements should
be done to find out improvements or particularities of their setups. However, it is to
be noted that the selection of the dye is many times conditioned by the excitation-
emission spectra of other fluorescent reporters that might also be co-imaged, such
as when labeling for some cellular compartments with fluorescent proteins, or when
labeling of other single molecules. For instance, the need to visualize another
reporter with UV light would complicate the use of the photoactivatable dyes.
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The photon budget simply reports on the number of photons that a dye emit before
photobleaching, and is therefore a measure of the probability to photobleach (i.e.
the photostability). One can tune how these photons are emitted. On the one hand,
the excitation laser power will determine the rate of emission of these photons, and,
consequently, the total imaging time before photobleaching, which impacts on the
maximum duration of the single molecule trajectories. On the other hand, the frame
rate serves to select over how much time is this signal integrated. In brief, it has to
be slow enough so we obtain sufficient SNR for precise single molecule detection,
but also fast enough so we avoid motion blur —that is, the significant movement of
the single molecule within a single frame. We will therefore describe in Section 4,
how to rationalize this decision.

3.2. WASH OF THE FREE DYE

A challenge that we very quickly faced was that it is sometimes difficult to distinguish
whether the single molecules correspond to free dye or to dye bound to the protein
of interest. This can be extremely problematic, as we have observed that the
diffusion properties of the free dye have overlapping diffusion coefficients to that
of the labeled protein. Incorrectly assigning free dye localizations as single protein
localizations can therefore lead to miscalculation of the diffusion properties of the
protein of interest. Hence, it is paramount in SPT experiments to minimize the
amount of free dye in our samples, as well as to be able to detect and quantify their
presence. In order to find the best experimental approach to this end, we labeled
cells, after which we used different washing protocols, consisting in washing out the
free dye by incubating the labeled cells in DMEM for different amounts of time. To
discern experimentally between free and bound dye, we used cells fixed with PFA,
and quenched it with NaBHo.. In fixed cells imaged by SPT, the immobile molecules
correspond to specific labeling, whereas the mobile trajectories correspond to the
unbound, free dye. These experiments were performed both in HelLa overexpressing
Halo-CALR (which were labeled with either JF549 or JF646 dyes), and in the Hela cell
line stably expressing Cab45-Halo RUSH (in which we used the PA versions of these
dyes for the labeling). Only the molecules in the first frame were considered in the
analysis, to avoid overrepresentation of the free dye. This is because the fixed,
immobile bound fraction is constrained to a single plane, and the molecules that
appear in latter frames correspond to unbound molecules that can freely diffuse and
enter the imaging plane and get excited.



Chapter 4: Methodological Proposal for SPT in the Secretory Pathway

Our results (Figure 5A) show that the diffusion coefficient displays a bimodal
distribution, with a population of immobile diffusing molecules (with a peak at ~0.01
um?/s), and a population of highly diffusion molecules (with a peak at ~0.1 um
um?/s). We believe that the second corresponds to the unbound dye. Although the
diffusion coefficient of free dye has been reported to be in the order of 100 um?/s,
it is to be noted that the fixation can significantly alter the cellular environment,
leading to reduced diffusion coefficients.?® Fixatives such as paraformaldehyde
create cross-links between proteins, which can create a more crowded and viscous
environment, hindering the movement of small molecules. However, there can be
overlap in the diffusion coefficient distribution with that of labeled proteins, and
therefore it is very important to get rid of this free dye as much as possible.

When washing the free dye for different amounts time, our results indicate that after
2-hour incubation there is still around a 20% of free JF646-Halo ligand dye (Figure
5B). Although this value is quite high, we expect the free dye to display higher
diffusion coefficients, that are more probable to leave the focus plane. Moreover,
we have appreciated that this is highly dependent on the dye, as these values are
lower for the PA-JF646 Halo ligand, as shown in Figure 5C. The broad variability in
the samples shows the difficulty to reproduce the washes experimentally,
strengthening the need to perform controls when reproducing experimental
conditions from one lab to another or from one researcher to another. While we do
not claim that this type of wash is the most effective method for removing unbound
dye, it proved to be the most effective in our specific experiments. Each one should
perform these kind of control experiments themselves when setting up their optimal
experimental conditions.
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Figure 5. Wash out of the free dye. A-B. Hela cells overexpressing Halo-CALR, labeled
with 0.1 nM of JF646-Halo ligand, fixed and washed for 15 minutes, 1 hour or 2 hours with
DMEM at 37 °C. The excitation was performed with continuous illumination at 30% laser
power of the 647 nm laser, and the acquisition was at 20 ms frame rate. Only the molecules
present in the first frame are included in the analysis, to avoid over representation of the free
dye. A. Distribution of the D1-4 of JF646-Halo ligand fluorescent molecules, after 15-
minutes, 1-hour and 2-hour wash. B. Fraction of the mobile molecules in the first frame, for
cells washed for 15 minutes, 1 hour or 2 hours with DMEM. Molecules are considered mobile
when their diffusion coefficient is higher than 0.04 um?/s. Error bars represent mean and SD
of each cell (black dots). Significance calculated between the values per cell with an unpaired
t-test. p-value(*) = 0.0288. C. Fraction of mobile molecules for cells labeled with JF549-Halo
ligand, PA-JF549-Halo ligand, and the PA-JF646-Halo ligand, all of them fixed washed for 2
hours with DMEM at 37 °C. The last two dyes have been sampled on the stable cell line HelLa
Cab45 RUSH. In these two last conditions, excitation was performed with continuous
illumination at 30% laser power of the 647 nm laser, and the acquisition was at 30 ms frame
rate. Photoactivation was performed at 2% of the 405 nm laser during 10 ms every 20
seconds. Only the molecules present in the first frame are included in the analysis, to avoid
over representation of the free dye. Error bars represent mean and SD of each cell (black
dots).
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3.3. CONTROL OF THE LABELING DENSITY

The classical way to reach the single molecule regime is to add nanomolar
concentrations of the dye, so that only a sparse subset of the molecules is actually
labeled. In Section 4 we will justify that this strategy is outperformed by the
alternative strategy of using saturating amounts of photoactivatable dyes (and
controlling the density of single molecules by fine tuning the photoactivation rate).
In spite of this, an analysis on how different concentrations of dye influence the
labeling density and the SPT performance is still useful to understand the effect of
the different single molecule densities for the spot detection and the tracking.

In the following experiments, we used Hela cells overexpressing calreticulin (Halo-
CALR), and labeled them with different concentrations of the JF646-Halo ligand. It is
important to stress that, because different cells might have different expression
levels, different labeling concentrations do not always correspond to the same
fluorescent molecule density (see Figure 6).
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Figure 6. Localizations density for samples labeled with different concentrations of
JF646 dye. The localization density is calculated as the median number of localizations per
frame and per um? Live Hela cells overexpressing Halo-CALR, labeled with different
concentrations of JF646-Halo ligand, and washed for 2 hours with PBS. The excitation was
performed with continuous illumination at 30% laser power of the 647 nm laser, and the
acquisition was at 20 ms frame rate. Detection threshold in Trackit was set to SNR = 1.
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Figure 7. Relationship between the SNR and the localizations density. The SNR of each
localization has been calculated as described in the Methods Section. Live Hela cells
overexpressing Halo-CALR, labeled with different concentrations of JF646-Halo ligand, and
washed for 2 hours with DMEM. The excitation was performed with continuous illumination
at 30% laser power of the 647 nm laser, and the acquisition was at 20 ms frame time.
Detection threshold in Trackit was set to SNR 2. A. SNR of cells displaying different
localizations densities. The localization density is calculated as the median number of
localizations per frame and per um? and considered “low” for median densities per cell
smaller than 0.02 localizations/(frame-um?), “medium” when the median densities per cell are
between 0.02 and 0.06 localizations/(frame-um?), and “high” when the median density per
cell values larger than 0.06 localizations/(frame-um?). Error bars represent mean and SD of
each cell median value (black dots). Significance calculated between the median values per
cell with an unpaired t-test. p-value (*) = 0.0149. B. SNR vs. the number of localizations per
frame for a representative cell. This example was labeled with 1 nM concentration of dye.

Interestingly, our results indicate that increasing the localization density parallels a
decrease in the median SNR per molecule (Figure 7A). This is because the increase
in the number of molecules in the excitation volume contribute to an increase of the
background fluorescence and results in a reduced SNR of the in-plane molecules. In
Figure 7B, we show the relationship between the SNR and the spot density,
obtained from a single representative video, in which cells were labeled with 1 nM
concentration of dye and imaged live. Due to photobleaching and out-of-focus
protein diffusion, the video contains a wide range of single molecule densities. One
can appreciate that the SNR reduces as the labeling density increases, until it reaches
a plateau, in which the SNR has a constant range of values, probably because the
background fluorescence remains constant. While the median spot SNR obtained in
these experiments is relatively larger than 2 (which is the minimum SNR used as a

detection threshold in our spot detection algorithm, see Section 2.2), caution
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should be taken when deciding a single molecule density so it does not lead to too
low SNR that can jeopardize spot detection. Otherwise, problems in the detection
would result in shorter, fragmented, and reduced numbers of detected trajectories.
Based on our results, we would recommend selecting a localization density smaller
than 0.06 localizations/(frame-um?), which corresponds to the low and medium
labeling densities shown in Figure 7A. Based on the obtained results for our specific
experimental conditions and expression levels (see Figure 6), this condition would
be met with a labeling performed with 0.01 nM and 0.1 nM of dye. While the mean
localization density for the cells labeled with 1 nM of dye is below 0.06
localizations/(frame-um?), the span of the cell-to-cell variability leads to many cells
with a localization density above this value, which precludes us from recommending
the use of that labeling concentration.

4. IMAGING STRATEGY

Cells and their internal organelles are inherently 3-dimensional in nature. By
contrast, with HILO illumination, we specifically image molecules localized in a
relatively thin sheet that does not cover the entire cell. Hence, molecules move in
and out of the plane, limiting the number and length of the acquired trajectories.
Because of this, it is essential to optimize the imaging conditions to collect more
and better data. In practical terms, this means that we aim to improve on the SNR
of the fluorescent molecules, and increase the number of harvested trajectories. In
the classical approach of using sub-labeling conditions to guarantee a sparse
localization of single molecules, the dye concentration needs to be as high as
possible, without compromising single molecule detection capacity, the linking
fidelity between frames, or the SNR. Regarding the frame rate, it is important to
select one that not only allows to fully sample the dynamics of the target protein,
but also to reduce linking errors, without compromising spot detection due to the
low SNR. Importantly also in practical terms is that using very fast frame rates usually
occurs at the expense of reducing the field of view.

A somewhat different labeling and imaging strategy that has proved to increase
drastically the number of harvested trajectories is SPT PALM. SPT PALM combines
standard SPT with the use of photoactivatable fluorophores,?' thus allowing to get
sparse detection of single molecules not by using sub-labeling conditions (as in
standard SPT, as explained above) but by only photoactivating a sparse number of
molecules at a time. With this approach, it is possible to successively activate new
subsets of fluorophores once the previous ones have photobleached, leading to
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increased throughput. In this case, similar control experiments can be done to select
the appropriate fluorophore density and imaging frame rate. While in standard SPT,
we varied the labeling concentration to modulate the density of detected single
molecules, in SPT PALM we do it by varying the photoactivation laser power and its
pulse duration.

Once the optimal frame rate and photoactivation conditions have been selected, the
last parameter to optimize is the excitation power. As explained before, the
excitation power determines at which rate the photons are emitted. High powers
will lead to high SNR of the single spots, but at the expense of the trajectory length
(the photon budget of the dye will be distributed in less imaging frames). The
decision of what excitation power to use is therefore a trade-off between these
different factors. Again, this should be tested and optimized for each fluorophore
and setup.

4.1. FRAME RATE SELECTION

As already explained above, it is necessary to choose a frame rate that allows to
reliably and accurately follow the motion of the molecule of interest. In addition, the
decision on the frame rate depends on other factors, such as the density of
molecules in the field of view, because the higher the localization density is, the
shorter the maximum allowed linking distance can be (to minimize wrong
connections between frames). We therefore calculated a linking distance cut-off for
which we have approximated that the probability of having a wrong linking
candidate is smaller than 5% (as explained in Section 2.2). As shown in Figure 8A,
this maximum linking distance decreases as the localization density increases
(achieved in this case by using higher labeling concentrations of dye).

Although the distance cutoff is not affected by the frame rate used for the imaging
—as it only depends on the localization density—, it reports on the maximum
detectable velocity, which is in turn also a function of the frame rate. In other words,
as the linking distance is a measure of the maximum molecule frame-to-frame
displacement that can be detected, we can obtain the maximum detectable velocity
by dividing this maximum displacement by the frame time. Altogether, our
experimental results indicate, as predicted, that the maximum detectable velocity
decreases with the frame time (Figure 8B). Specifically, as these experiments report
on the dynamics of the ER chaperon calreticulin, if this protein moves at
instantaneous velocities above 100 um/s, not even the fastest frame rate (10 ms
frame time) will be able to catch this motion, causing a bias in the diffusion analysis
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towards slower molecules. Similarly, if we were to detect diffusion coefficients in the
order of 10 um?/s, we would recommend to use either 10 or 20 ms frame time, and
a concentration of dye smaller than 0.1 nM (see Figure 8C). Indeed, the maximum
velocity reported by Holcman et al. for Halo-CALR was 60 pm/s, which means that
in these conditions we would be capturing calreticulin’s fastest reported dynamics.*

However, decreasing the frame time also affects (worsens) the SNR, as less photons
are detected per molecule (with the same excitation power). When we measured the
SNR of the molecules (Figure 8D) using a frame integration time of 10 ms, we
obtained a median SNR per single molecule that is very close to the thresholding
SNR for the detection (SNR = 2), which would imply that many molecules are not
detected. Consequently, we propose that it would be recommendable to use 20 ms
frame time, which increases the SNR while maintaining a decent maximum velocity
and diffusion coefficient (Figure 8B-D). When also adding the labeling density (in
this case, the concentrations of dye) into play, our results indicate similar SNR values
for the tested concentrations, so we would suggest to use the highest concentration
to have a higher throughput. In conclusion, for this specific protein and experimental
conditions, based on all these results, we would suggest to use a frame integration
time of 20 ms, and a labeling concentration of 0.1 nM, in order to capture the
maximum displacements of this protein, get a proper SNR for the detection, and still
have a labeling density as high as possible.

147 |Page



A 0.9 B 100-

—_ - 0.01 nM
0.8+ £ 801 - 0.1nM
T = » 1nM
= 0.7 > 604
5 E
8 0.6 o 40+
-, %
0.5 T 204
E
0.4 1 1 1 0 1 1 1
10 ms 20 ms 30 ms 10 ms 20 ms 30 ms
c 102 D 15 -
L4 e 0.01nM
¢ 0.1nM
10 ® 1nM

median SNR

max.
diff. coeff. [um?/s]
(2.1
1

100

L, Hi 38

T T T
10 ms 20ms 30 ms

T T T
10 ms 20 ms 30 ms

Figure 8. Selection of the frame rate and the labeling density for SPT of the protein
Halo-CALR labeled with JF646. Live Hela cells overexpressing Halo-CALR, labeled with
different concentrations of JF646-Halo ligand, and washed for 2 hours with DMEM. The
excitation was performed with continuous illumination at 30% laser power of the 647 nm
laser, and the acquisition was at 10, 20 or 30 ms frame time. Detection threshold in Trackit
was set to SNR 2 A. Maximum linking distance cut-off for each frame time and labeling
condition. Calculated from the distribution of nearest neighbor distances within the same
frame. The cut-off represents the maximum linking distance for having a probability of wrong
connection smaller than 5%, obtained from the distribution of all gathered samples. B.
Maximum detected velocity corresponding to each linking distance cut-off, obtained from
the distribution of all gathered samples. C. Maximum detected diffusion coefficient
corresponding to each linking distance cut-off, obtained from the distribution of all gathered
samples. D. Median SNR of the detected particles for each frame time and labeling condition.
Error bars represent mean and SD of each cell median value (dots).
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Figure 9. Selection of the frame rate and the labeling density for SPT of the protein
Halo-CALR labeled with PA-JF646. Live Hela cells overexpressing Halo-CALR, labeled with
PA-JF646-Halo ligand, and washed for 2 hours with PBS. The excitation was performed with
continuous illumination at 30% laser power of the 647 nm laser, and photoactivation for 10
ms with the 405 nm laser at different powers every 20 seconds. The acquisition was at 10, 20
or 30 ms frame time. Detection threshold in Trackit was set to SNR = 2 A. Maximum linking
distance cut-off for each frame time and labeling condition. Calculated from the distribution
of nearest neighbor distances within the same frame. The cut-off represents the maximum
linking distance for having a probability of wrong connection smaller than 5%, obtained from
the distribution of all gathered samples. B. Maximum detected velocity corresponding to
each linking distance cut-off, obtained from the distribution of all gathered samples. C.
Maximum detected diffusion coefficient corresponding to each linking distance cut-off,
obtained from the distribution of all gathered samples. D. Median SNR of the detected
particles for each frame time and labeling condition. Error bars represent mean and SD of
each cell median value (dots).

A similar criterion can be used for photoactivatable dyes, but instead of controlling
the labeling concentration, it is the photoactivation power that needs to be changed.
In order to be able to increase the localization density step-wise, we always
photoactivated during 10 ms every 20 seconds, independently of the used frame
rate. Following the same criteria as before, imaging at a 20 ms frame integration
time at all photoactivation intensities are appropriate to catch diffusion coefficients
in the order of 10 um?/s (see Figure 9). However, the SNR of samples imaged with
a 5% photoactivation laser tends to be smaller, and therefore it would be
recommended to use a milder photoactivation. In conclusion, for this specific
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protein, and expression levels, it is recommended to use a laser power of the
photoactivation laser of 1 or 2%, and a frame rate of 20 ms.

4.2. SELECTION OF THE EXCITATION POWER

As already explained, while the photon budget is an intrinsic property of a
fluorescent dye in a specific environment, how fast these photons are emitted can
be controlled with the excitation power. When exciting with very high laser powers,
the photons are emitted at a fast rate, implying that the photon budget of each
individual fluorophore is exhausted very quickly, i.e. the fluorophore transitions
between its fluorescent and non-fluorescent states at an accelerated rate. As a
consequence, the total fluorophore population undergoes photobleaching in a
relatively short time, precluding the possibility to acquire long trajectories.
Therefore, the excitation laser power should be low enough so we can record as
long trajectories as needed, but also high enough to not compromise the SNR (so
we can have a proper detection of the spots) or the localization precision (so we can
determine the protein localization with high accuracy).

To quantify the relative contribution of these different factors, we used fixed Hela
cells to measure trajectory length, single molecule SNR, and localization precision
of immobile Halo-CALR molecules labeled with the JF646-HaloTag ligand (Figure
10A-B). Our results confirm that the trajectory length decreases as we increase the
excitation laser power (from around 3 seconds with a 20% excitation power to below
1 second for 40% excitation power, Figure 10A). Moreover, we appreciated a slight
improvement in the localization precision when increasing the excitation laser
power, although this trend is not statistically significative, possibly due to the cell-
to-cell and sample-to-sample variability (Figure 10B). In accordance to this, we also
observed no effect on the SNR of the detected spots upon varying the excitation
laser power (Figure 10C). In conclusion, for these specific experimental conditions,
it would be recommended to use the 20% laser power, as it allows to track the
molecules for longer, without significantly compromising the localization precision
or the SNR of the detected molecules.

Based on these results, a question that arises is whether the obtained trajectory
lengths (of the order of a few seconds) are sufficiently large so we can capture
protein dynamics or they are too short, becoming a limiting factor in our studies. To
test that, we performed analogous experiments as those shown in Figure 10 (with
the same frame integration time of 20 ms), but in this case in live cells (Figure 11).
Our results show that, in live cells, the distribution of trajectory lengths is highly
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peaked towards short trajectories (most trajectories are below 300 ms,
corresponding to trajectory lengths shorter than 15 frames), so trajectory lengths
are rarely in the order of 1 second (Figure 11). These results indicate that a large
percentage of the molecules move out of the imaging plane before photobleaching.
In consequence, in this experiment, we are generally not limited by photobleaching
and could thus use higher excitation laser powers to improve the SNR and the
localization precision. This kind of analysis will be important in conditions in which
the localization precision and/or the SNR are limiting, as one could quantitatively
test whether using higher laser powers would be possible. That being said, as a
general rule, we would suggest to, within these limits, use the lowest excitation laser
power possible, as high powers could additionally cause cell photodamage.
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Figure 10. Selection of the excitation laser power for the JF646-HaloTag ligand. Hela
cells overexpressing Halo-CALR were labeled with 0.1 nM of JF646-HaloTag ligand, fixed and
washed for 2 hours with DMEM at 37 °C. The excitation was performed with continuous
illumination at different laser powers of the 647 nm laser (indicated in % of the total nominal
power, see Methods section for the relationship to the actual laser power), and the
acquisition was with a 20 ms frame time (50 Hz frame rate). Detection threshold was set to
SNR = 1. Only the molecules present in the first frame, and with a diffusion coefficient smaller
than 0.04 um?/s were included in the analysis. Error bars represent mean and SD of each cell
median value (dots). Significance calculated between the median values per cell calculated
with an unpaired t-test. A. Median trajectory length of the immobilized particles. p-value(*)
= 0.0381. B. Median values for the static localization precision of the immobilized particles.
C. Median SNR of the immobilized particles.
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Figure 11. Distribution of the trajectory lengths for Halo-CALR imaged with the JF646-
HaloTag ligand. Hela cells overexpressing Halo-CALR, labeled with 0.1 nM of JF646-
HaloTag ligand and washed for 2 hours with DMEM at 37 °C. The excitation was performed
with continuous illumination at 30% laser powers of the 647 nm laser, and the acquisition
was at 20 ms frame integration time. Detection threshold in Trackit was set to SNR 2.

4.3. DISCUSSION ON THE LOCALIZATION PRECISION

Independently of the measured parameter, the different imaging conditions
influence the results. This is manly given by the localization precision, which arise
from the noise and the camera exposure, and result in the static localization
uncertainty or precision and the dynamic localization uncertainty of precision,
respectively. The first arises from the fact that each coordinate has a Gaussian
probability distribution function characterized by the standard deviation, that
depends on the pixel size, the number of recorded photons, and noise sources. This
means that when measuring the position of the same molecule, fixed in space, one
does not recover the same localization position. It can be experimentally measured
by imaging immobile particles, and calculating the standard deviation of the
deviations from the mean position, as we have done in this thesis (see Section 2.2.).
On the other hand, the dynamic localization uncertainty or motion blur comes from
the finite camera exposure, given that the molecule keeps moving during the frame
acquisition. It can be high for very fast molecules, imaged at slow frame rates. It is
more difficult to calculate, as it is necessary to know the diffusion coefficient of the
molecule. We have not measured it in this thesis.?
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We want to highlight that the different localization precisions, arising from the
different imaging conditions and setups, can influence differently the calculated
motion parameters. The localization precision represents the minimum
displacement that one can measure, and therefore, we can roughly estimate a
minimum detectable velocity and diffusion coefficient. We have seen in Figure 10,
that the static localization precision in our setup is between 50 and 90 nm. This
means that we are not able to capture displacements smaller than these values. The
challenge comes from the fact that slower or immobile molecules will show this
degree of displacements due to the localization precision. What we want to highlight
again, is that this should be taken into account when comparing different diffusion
coefficient values. Moreover, experiments performed for the comparison between
different conditions should be done at the same frame rate.

5. SPT DATA ANALYSIS

In the SPT literature, we can find a wide array of quantitative parameters that
describe the motion and dynamics of the single molecules, some of which can be
even calculated in many different ways. Moreover, different experimental conditions
or different equipment can sometimes lead to different values for the same
parameters. We would like to highlight a few considerations that should be taken
into account when comparing the results obtained from different studies.

Despite using the same imaging conditions, it may be sometimes difficult or even
meaningless to compare the results from different studies because the calculated
diffusion parameters might be different. The parameter that is arguably the most
commonly used to describe the motion of SPT trajectories is the diffusion coefficient,
which is usually calculated by fitting the TA-MSD. However, there are different
procedures and even definitions to compute this parameter, and so the name
"diffusion coefficient" might have different meanings in different studies. Here, we
described some of these "small" details that are sometimes hidden in the literature
and that can affect how the diffusion coefficient is calculated:

(i) The fraction of time lags used for the fitting of the TA-MSD. Given the finite length
of experimental trajectories, the MSD is calculated with less datapoints as the time
lag increases (for time lag m frames, the number of data points in the summatory is
N-m, where N is the trajectory length in frames, see Eq. 2). This results in a very high
uncertainty at large time lags. Moreover, diffusion of molecules within cells rarely
follows a purely Brownian motion, so the TA-MSD is not linear with respect to the
time lag. For these reasons, the fitting of the diffusion coefficient using the TA-MSD
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curve is usually performed with only a fraction of the curve (the initial time lags).
Strategies to determine which fraction of the curve to use for the fit have been
developed,® but, in practice, this is usually performed using the first 4 time lags.
One should pay attention as some research articles use the time lags 1 to 4, while
others use the 2 to 4, or even other ranges. Using just the initial 4 time lags is a
conservative approach for the fitting, and somewhat an approximation because the
obtained value does not correspond to the generalized diffusion coefficient (that is,
the diffusion coefficient for a general anomalous diffusion model, see Chapter 2),
but it is rather a measure that approximates the diffusion as purely Brownian for
short time ranges. As a consequence, these D14 or D,.4 coefficients do not inform us
about the type of motion (e.g., Brownian vs. anomalous diffusion), so in order to test
whether the SPT data corresponds to different types of motion, other types of
analysis are needed. Nonetheless, the trajectory length is a limitation for those
analyses, making it challenging to obtain accurate predictions of the type of single
molecule motion from short trajectories, as the ones usually acquired in intracellular
SPT.

(it) The “y" intercept of the TA-MSD fit. The offset of the MSD curve at zero lag time
is indicative of the localization precision. Therefore, for realistic experimental
conditions, in which the localization precision is not perfect, the Einstein relation
needs to be modified as:

(Ar?(t)) = 402 + 2dDt ©)

being ¢ the static localization uncertainty, or the localization precision. Therefore,
this "y" intercept is a parameter than can also be fitted. In some research articles this
intercept is forced at exactly O, which is something we would not recommend.

When the trajectories are long enough, it is possible to fit, not only the diffusion
coefficient, but also the alpha exponent. However, we have already seen in Chapter
2, Section 4.2, in the analysis performed by Requena et al., that the relative error in
the estimation of the alpha exponent can be pretty high, even for long trajectories.
For trajectories smaller than 100 points, the relative error can be from 0.4 to 0.6.°

A much simpler parameter that describes particle dynamics is the instantaneous
velocity, calculated as the frame-wise displacement multiplied by the frame rate. In
processes where the velocity changes over time, instantaneous velocity allows for
the analysis of these fluctuations, giving a more detailed picture of the motion at
any given moment. However, the single displacement data is highly sensitive to
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noise. Moreover, the usefulness of instantaneous velocity can be limited in systems
where the motion is highly irregular or where long-term diffusion behavior is of
primary interest. In those cases, the diffusion coefficient and the alpha coefficient
are more useful parameters.

In this thesis, we have used a novel deep learning approach (named STEP) that
provides the step-wise diffusion coefficient and alpha exponent values from single
molecule trajectories.” We have explained in Chapter 2 why this approach performs
better than the classical TA-MSD. Moreover, STEP combines the step-wise
information provided by the instantaneous diffusion, and includes a further layer of
information, as the represented motion properties are the diffusion and the type of
motions (whether it is confined, Brownian or super diffusive motion).

Having these parameters predicted for each trajectory link (and not only a single
average value for the whole trajectory) allows us to monitor how these dynamic
properties are distributed in space. Thus, we build what we call diffusion maps
(Figure 12), which are representations of any frame-wise dynamic parameter (not
only of the diffusion coefficient, but also of, e.g., the instantaneous velocity, or the
alpha exponent). In Figure 12A-C, we show diffusion maps of the ER protein Halo-
CALR for a representative cell, in which the localizations are color-coded by the value
of the instantaneous velocity, the frame-wise diffusion coefficient obtained with
STEP, and the alpha coefficient also obtained with STEP, respectively. First of all, our
results indicate that the experimental conditions used allowed us to reconstruct part
of the ER network. We noticed that the instantaneous velocity, as previously
reported by Holcman et al., changes over this network, with the smallest values
found in highly confined regions (possibly ER sheets or junctions), and the higher
instantaneous velocities preferentially localized into regions that appear to form
more elongated shapes (possibly ER tubules) (see Figure 12A). These qualitative
results are in agreement with the reported differential dynamics of Halo-CALR, which
shows slow dynamics in ER junctions, and faster dynamics in ER tubules.

Our STEP analysis allowed us to perform a similar diffusion map using the values of
the frame-wise diffusion coefficient map, showing a similar trend (see Figure 12B).
However, we qualitatively saw that the local diffusion coefficient values are more
uniform in space with respect to these two types of regions. Moreover, we could
clearly identify the appearance of punctate regions of very small diffusion
coefficient, which highlight the complementarity of our analysis using STEP, as the
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instantaneous velocity does not report on the long-term diffusion behavior, which
the local diffusion coefficient does.

When representing the alpha exponent, one can also identify the same regions of
high confinement and small diffusion coefficient. On top, there are regions of high
confinement and higher diffusion coefficient. It would be interesting to check with
another fluorescent reporter whether these molecules are within different regions
of the ER. There are some localizations labeled as highly diffusive (alpha exponent
larger than 1) that could correspond to directional motion within the ER, or tubes
being pulled out of the ER. Taken together, we believe that our data underscores
the significance of obtaining diffusion maps from SPT trajectories, which could be
especially useful to identify spatial regions of uniform diffusion properties.
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Figure 11. Diffusion maps of Halo-CALR imaged with the PA-JF646-HaloTag ligand.
Live Hela cells overexpressing Halo-CALR, labeled with PA-JF646-Halo ligand, and washed
for 2 hours with DMEM. The excitation was performed with continuous illumination at 30%
laser power of the 647 nm laser, and photoactivation for 10 ms with the 405 nm laser at
different powers every 20 seconds. The acquisition was at 20 ms frame time. Detection
threshold in Trackit was set to SNR 2. Localizations are displayed in space and colored
according to: A. the instantaneous velocity. B. the frame-wise diffusion coefficient obtained
with STEP. C. The frame-wise alpha exponent obtained with STEP.

6. DISCUSSION

To address the specific challenges that SPT in the secretory pathway poses, it is
essential to adopt a comprehensive approach that includes optimizing labeling
strategies, imaging parameters, and data analysis methods. By conducting control
experiments and identifying the best experimental conditions for each step,
researchers can maximize the quality and reliability of their SPT data while
minimizing experimental and analytical artefacts. This process involves iterative
testing and refinement to tailor the techniques to the specific needs of the molecules
and cellular context being studied.

We have shown that the photoactivatable versions of the JF646 and JF549 dyes have
superior fluorescent properties as compared to their non-photoactivatable versions.
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Although PA-JF549 has objectively better fluorescent properties, the specific
requirements for each protein of interest and each experimental condition may lead
to choosing one dye over the other. Factors such as the available excitation laser
lines and the presence of other fluorescent reporters come into play in this decision.

Our results and analyses showed that when labeling the molecules with a
fluorophore, it is essential to minimize the number of unbound fluorescent
molecules, as they can be very difficult to distinguish from the protein under
investigation. We proposed to conduct control experiments on fixed cells to
minimize the remaining mobile fraction, which corresponds to unbound dye. We
have observed that this process strongly depends on the dye, suggesting that the
chemical groups of the dye may influence how effectively it can be washed away.

Although the quantifications are not included in this thesis, we conducted control
experiments to investigate potential non-specific binding of the dye. Labeling fixed
samples of mixed populations containing transfected and non-transfected cells
revealed that non-transfected cells never exhibited bound immobile dye (data not
shown).

We have also proposed a strategy to make rational decisions regarding localization
density. This can be controlled by using different concentrations of standard non-
photoactivatable dyes or by varying the power of the 405 nm laser during
photoactivation. The decision should aim to maximize the number of localizations
per frame while ensuring sufficient SNR for precise particle detection.

For the imaging conditions, we emphasized the importance of selecting a frame rate
that can capture the entire range of molecular speeds. The localization density
should be adjusted to enable choosing a frame rate capable of capturing the full
diffusion dynamics of the protein of interest while maintaining a high enough SNR
for molecule detection. Finally, we have shown how to optimize the selection of a
proper excitation power to guarantee molecule visualization at the selected frame
rate for an extended period. However, within the range of laser powers tested, we
did not observe significant differences.

Regarding the analysis of trajectories, multiple motion parameters are calculated
using various measurement methods. We have emphasized that absolute values are
not directly comparable between studies due to specific experimental conditions
influencing the results. This underscores the importance of conducting positive
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control experiments to validate the employed methodology against previously
established standards.
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Chapter 5

Characterization of Protein Sorting at
ER- Golgi MCS

In this chapter we applied the methodology established in Chapters 3 and 4 to
characterize protein sorting at the TGN. We used super-resolution STED microscopy
and SPT to characterize cargo protein distribution in the regions of the TGN enriched
in ER-Golgi MCS. First, STED microscopy performed on fixed cells allowed us to
distinguish regions of cargo accumulation. These inhomogeneities are compatible
with the suggested hypothesis in which ER-Golgi MCS might be creating
sphingomyelin- and cholesterol-rich nanodomains, that serve as sorting domains in
the TGN. Using live-cell STED imaging we observed that these cargo accumulations
form punctate structures, which are dynamic in terms of movement, appearance and
disappearance, and fusion. The movement appears in synchrony with the MCS
structures, which sometimes wrap them. Finally, we performed SPT experiments to
monitor the dynamics of individual cargo proteins both within and outside these
putative cargo sorting regions. By a quantitative characterization of the dynamics of
these cargo proteins, we revealed that a large number of these proteins follow a very
confined and slow motion when they are in close proximity to the MCS. Interestingly,
this effect is inhibited when the ER-Golgi MCS were stabilized by the addition of the
lipid transfer blocker 25-HC. However, the fraction within and outside of protein in
these cargo accumulations is conserved across proteins and MCS destabilizing
conditions, indicating that this is regulated upstream and that MCS only regulate the
location preference of these cargo accumulations.

Part of this work has been published as:

Wakana, Y., Hayashi, K., Nemoto, T., Watanabe, C., Taoka, M., Angulo-Capel, J., Garcia-
Parajo, M. F., Kumata, H., Umemura, T., Inoue, H., Arasaki, K., Campelo, F., Tagaya, M.
(2020) The ER cholesterol sensor SCAP promotes CARTS biogenesis at ER-Golgi
membrane contact sites. Journal of Cell Biology. 220 (1): e€202002150. doi:
10.1083/jcb.202002150
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Chapter 5: Characterization of Protein Sorting at ER-Golgi MCS

1. INTRODUCTION
1.1. ER-GOLGI MCS IN THE SECRETORY PATHWAY

As already explained in Chapter 1, membrane contact sites (MCS) are platforms for
communication between cell compartments. A particular type of MCS occupies this
chapter, ER-Golgi MCS, which form between the ER and the trans-Golgi cisternae
and/or the TGN. Some proteins at both sides of the contact interact, such as VAP-A
and -B, OSBP', and CERT? (see Chapter 1, Section 6.4). Some of them are lipid
transfer proteins. In particular, CERT transports ceramide from the ER to the TGN?,
whereas OSBP shuttles cholesterol from the ER to the TGN and PI4P in the opposite
direction®. PI4P can then be dephosphorylated by the phosphatase activity of Sac1
at the ER side.* This PI4P cycle helps sustain a gradient of lipids (such as cholesterol
and ceramide) in the membranes of the early secretory pathway, thereby
contributing to maintain organelle identity.

Although the main function of ER-Golgi MCS known to date is the regulation of
Golgi lipid homeostasis, it has been shown that the formation of ER-Golgi MCs is
required for CARTS formation. As a reminder, silencing of the MCS components
VAP-A and VAP-B’, as well as stabilizing OSBP and CERT with the PH-FFAT domain,
results in lower secretion of the protein PAUF, and reduced formation of CARTS.®
Similar observations have been made when using 25-HC, an oxysterol that is able to
bind OSBP with high affinity, and block it in the bound conformation to VAP. This
binding inhibits the VAP/OSBP-mediated sterol transfer.? However, the specific role
that MCS play in CARTS formation, as well as the impact of their lipid transfer
function still remains as an unanswered question. Furthermore, whether ER-Golgi
MCS are necessary for protein sorting, and/or the successive steps of membrane
budding and/or carrier fission is also unknown.

1.2. AIM OF THE PROJECT

Given the inhibitory effect of 25-HC in CARTS biogenesis, it is logical to assess the
potential role(s) of lipid transport at MCS. Based in our current knowledge, a direct
link can be hypothesized between this lipid transport function and fission of the
carriers. In MCS, OSBP facilitates activation of CERT-mediated ceramide transfer.”
Ceramide and phosphatidylcholine, can then be converted into sphingomyelin and
diacylglycerol (DAG).>® DAG not only promotes negative curvature in membranes,
therefore possibly facilitating neck narrowing during fission®, but also recruits and
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activates PKD.'" As already mentioned in Chapter 1, PKD is required for CARTS
fission at the TGN."""

However, the formation of local lipid inhomogeneities at the TGN by MCS can also
be linked to sorting processes. Indeed, it has long been recognized that one of the
primary mechanisms of protein sorting at the TGN is lipid-dependent, through the
formation of sphingolipid-rich lipid nanodomains, or rafts.'®'” It has been observed
that disturbing sphingomyelin metabolism inhibits sorting and transport carrier
biogenesis."®' Therefore, ER-Golgi MCS might generate distinct nanodomains, rich
in cholesterol and sphingomyelin, that could serve as sorting regions. This chapter
aims at bringing light into this possibility.

In order to observe protein sorting at the TGN, we looked at the protein distribution
in regions enriched in ER-Golgi MCS. For this purpose, we used a stable cell line co-
expressing OSBP and VAP-A fused to the split version of the Venus fluorescent
protein (Vn-OSBP and Vc-VAP-A), named Hela BiFC in this thesis for short.° The
cargo protein distribution was compared between the PAUF-SNAP construct, and a
control construct of SNAP with a signal sequence for targeting to the secretory
pathway (termed ss-SNAP in this work). As this latter protein is merely the SNAP
sequence brought to the secretory pathway by a signal peptide, it should not have
any specific endogenous sorting signals for TGN export. Therefore, this cargo
protein can be used as an example of protein that leaves the TGN in a non-specific
manner, maybe through the so-called "bulk secretion”. Additionally, cells were
treated with the previously mentioned 25-HC, in order to both stabilize the MCS and
inhibit OSBP’s lipid transfer. The resultant effects can reveal more information about
the molecular mechanism underlying CARTS biogenesis.

Two techniques were used: STED microscopy (both in fixed cells and in live-
conditions) and SPT. The first one provides a super-resolved picture of the protein
cargo distribution, while SPT provides the dynamics of the single molecules in the
same context. While STED allowed us to distinguish regions of accumulation of
cargo, SPT allowed us to distinguish regions of distinct mobility, in terms of velocity
and type of motion, therefore bringing complementary information.

2. CHARACTERIZATION OF PAUF AND SS-SNAP SECRETION

In order to study CARTS biogenesis, it is necessary to establish a protocol for protein
secretion synchronization. Cells were seeded, transfected with the corresponding
tagged protein cargoes, and incubated at 20°C for 2 hours to block general TGN
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export, without blocking ER-to-Golgi traffic.?%?! After accumulation at the Golgi with
the 20°C block, TGN export was activated again by shifting the temperature back to
37°C.

It is to be noted that synchronization using the 20°C block is far from a perfect
approach, because trafficking from the ER to the Golgi can be rather slow and it is
difficult to accumulate all the proteins at the Golgi, even after 2 hours incubation.
We tried to implement the RUSH assay®* with the protein PAUF as a cargo, but the
different approaches did not work in our hands. We tried to use the stable Hela cell
lines stably expressing Strep-KDEL combined with either SBP-Halo or SBP-Halo-
PAUF, implemented in D. Gershlick’s lab (Cambridge Institute for Medical Research,
The University of Cambridge, UK).?? We also performed stable CRISPR knock-in of
PAUF-SBP-EGFP and PAUF-SBP-Halo on multiple cell lines: Hela wild type, Hela
TGN46-SNAP Kl, HelLa BiFC, and the Hela Strep-KDEL from D. Gershlick’s lab. Cells
never survived the antibiotic selection. It is interesting that the KI didn’t work either
for simply PAUF-Halo or PAUF-SNAP on the same cell lines (data not shown). Further
work will be necessary to investigate the cause of these effects.

2.1. METHODS

Cell culture and molecular biology

Hela BiFC (Vn-OSBP and Vc-VAP-A) cells and the plasmid encoding PAUF-SNAP
were established by Y. Wakana (School of Life Sciences, Tokyo University of
Pharmacy and Life Sciences, Japan).® The plasmid encoding PAUF-MycHis was
donated by S.S. Koh (Korea Research Institute of Bioscience and Biotechnology,
Daejeon, Korea).

Cloning of ss-SNAP construct was performed by PCR amplification of the PAUF-
SNAP construct, excluding the sequence encoding for PAUF (primers 5'-
GGCTTAATTAAGGACAAAGACTGCGAAATGAAGCGCAC-3' and 5'-
GCCTTAATTAAATACATCTTCCCTGCCCAGGTGG-3'). The PCR was performed with
DNA polymerase KOD Hot Start (Novagen), according to the manufacturer's
protocol. The template DNA was digested with Dpnl (New England Biolabs), and the
resulting sequence was then digested with Pacl restriction enzyme (New England
Biolabs). Finally, it was ligated with the T4 DNA ligase (New England Biolabs).

Hela cells were grown in DMEM supplemented with 10% FBS (without antibiotics).
Hela BiFC stable cells were grown in DMEM supplemented with 10% FBS, 2.5 L-
glutamine, 1 pg/ml puromycin, and 10 pg/ml blasticidin. Cells were seeded the
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previous day on 12 mm size #1.5H-thickness cover glasses (ThorLabs) placed in 6-
well plates. Plasmid transfection was performed using X-tremeGENE 9 DNA
transfection reagent (Roche), 20 hours before fixation, and according to the
manufacturers’ protocol.

Secretion synchronization

20 hours after transfection, the medium of the cells was changed to DMEM (10%
FBS, 2.5 mM L-glutamine, without antibiotics, without Phenol Red) with 25 mM
HEPES pH 7.4, 100 uM of cyclohexamide (CHX). Cells were then incubated for 2h at
20°C.2%2" After the 20°C block, cells were washed 3 times with PBS, and the medium
was changed to DMEM (10%FBS, 2.5mM L-glutamine, without antibiotics, without
phenol red) for the incubation at 37°C. Coverslips were taken at different stages of
the protocol, and fixed with 3.7% formaldehyde in PBS (v/v) for 20 minutes.

In the cases in which the overexpressed plasmid was SNAP-tagged, cells were
labeled with 1 pM JF549-SNAPligand or JF646-SNAPligand (Promega)®* in DMEM
(10% FBS, 2.5 mM L-glutamine, without antibiotics, without phenol red) for 15 min
at 37°C, and washed 3 times with PBS previous to the 20°C block. The 2 hours
incubation at 20°C also served as washing time for the Janelia fluorophore.

Immunofluorescence

After fixation and wash with PBS, all coverslips were permeabilized with 0.1% TritonX
in PBS (v/v), blocked with 4% BSA in PBS (w/v) for 30 minutes, and immunolabeled.
For the visualization of PAUF-MycHis, we used a mouse anti-c-Myc (clone 9E10,
Sigma-Aldrich) primary antibody (1:200 dilution) and a goat anti-mouse Abberior
STAR RED-conjugated goat anti-mouse IgG secondary antibody (Abberior) (dilution
1:100).

The coverslips were mounted with Mowiol on glass slides (0.1% w/v in Tris and
glycerol, Calbiochem).

Confocal imaging

Images were performed on a commercial Leica TCS SP8 STED 3x microscope
equipped with a pulsed supercontinuum white light laser excitation source, using a
100x 1.4 NA oil HC PL APO CS2 objective. Images were acquired with the Leica LAS
AF software. In all acquisitions the pinhole size was set to 151.6 um size.

For the Hela wild type samples overexpressing both PAUF-MycHis and ss-SNAP
(Abberior STAR RED and JF549-SNAPligand, respectively), the imaging conditions



Chapter 5: Characterization of Protein Sorting at ER-Golgi MCS

were as follow: The PAUF-MycHis signal was detected with excitation using a 637-
nm line at 2% of the white-light laser intensity (set at 70% output power). The ss-
SNAP signal was detected using excitation at 549 nm wavelength at 14% of the
white-light laser intensity (set at 70% output power). The two channels were imaged
sequentially, line by line, and Z-stacks of about 3 um were performed with slices of
about 300 nm thickness. Images were taken with 2 line-accumulation, with a pixel
size of 72 nm, and scanning at 400 lines per second. The PAUF-MycHis signal was
collected with a PMT detector with detection window from 647 — 750 nm. The
detection of ss-SNAP was performed with a HyD SMD detector, with the detection
window from 559 — 627 nm, in photon counting mode, gain at 10%, and gating from
0.3 to 3.8 ns.

For the Hela BiFC samples overexpressing PAUF-SNAP (JF646-SNAPligand), the
imaging conditions were as follow: The BiFC signal was detected using 514-nm
wavelength excitation at 20% of the white-light laser intensity (set at 70% output
power). The PAUF-SNAP signal was detected with excitation using a 646-nm line at
30% of the white-light laser intensity. The two channels were imaged simultaneously,
with 2 line-accumulations, a pixel size of 89 nm, and scanning at 400 lines per
second. The detection of the PAUF-SNAP signal was performed with a HyD SMD
detector, with detection window 670 — 750 nm, gain at 10%, counting mode, and
gating from 0.3 to 3.8 ns. For the BiFC signal, the detector was a HyD SMD, with
detection window set to 524 — 570, gain at 10%, photon counting mode, and gating
from 0.3 to 3.8 ns.

Image processing with Fiji (Image))

For the Hela wild type samples overexpressing both PAUF-MycHis and ss-SNAP, the
z-stacks were projected using maximum intensity z-projection with Fiji. All images
were smoothed using the processing option in Fiji, and the brightness and contrast
were adjusted.

2.2. RESULTS

In order to determine the incubation time required for a proper accumulation of
cargo proteins at the Golgi, we incubated the cells for 1 or 2 hours at 20°C.
Afterwards, samples were incubated at 37°C for different times. Figure 1 shows that
2 hours is enough for a proper accumulation of both PAUF-MycHis and ss-SNAP in
the Golgi. In a few cells, it is possible to observe point-like structures containing both
ss-SNAP and PAUF-MycHis. Given their distribution, their size and the perfect
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colocalization of both proteins, we suggest that they correspond to ER exit sites
(ERES). However, immunolabeling against ERES proteins such as Sec13 should be
performed in the future to confirm this hypothesis. From 30 min of incubation at
37°C, it is possible to start observing CARTS, which are bigger and brighter than the
previously mentioned point-like structures. After 1 hour, most of the overexpressing
cells show CARTS. It is to be noted that there is not perfect colocalization between
the carriers containing both proteins, suggesting that ss-SNAP is able to exit both
through CARTS, and alternative secretion carriers.

This process was also characterized for the cargo PAUF-SNAP. In Figure 2, one can
appreciate that, after 1 hour incubation at 37°C, signal at the perinuclear area is still
not very defined, and there is quite some signal at the ER. After 2 hours, the signal
is more accumulated at the Golgi. After 30 min incubation at 37°C, one can
appreciate CARTS. It is to be noted that fluorescence in the ER is still present after
the 20°C block, which could be problematic especially for the SPT experiments.
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PAUF-MycHis

Figure 1. Secretion synchronization of PAUF-MycHis and ss-SNAP. Representative
images of cells. Samples were taken after 2 hours at 20°C (A), after 30 min incubation at 37°C
(B), and after 1 hour incubation at 37°C (C). Scale bars 20 um.
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PAUF-SNAP

Figure 2. Secretion synchronization of PAUF-SNAP in Hela BiFC. Representative images
of cells. Samples were taken after 1 hours at 20°C (A), after 2 hours at 20°C (B), and 30 min
incubation at 37°C (C). Scale bars 20 pm.

3. SUPER-RESOLUTION STED IMAGING OF CARTS
BIOGENESIS

In order to assess whether local nanodomains of sphingomyelin and cholesterol
produced by ER-Golgi MCS are resulting in accumulation of cargo protein at specific
TGN sites, we analyzed the protein spatial distribution with super-resolution STED,
both in fixed and live conditions. Fixed conditions allowed to obtain better resolved
images, by allowing the utilization of higher laser powers, and longer acquisition
times. Live-STED imaging allowed to observe the dynamics of both ER-Golgi MCS
and the accumulation of cargo proteins.

3.1. METHODS
Cell culture and molecular biology

Cell culture, transfection, secretion synchronization and immunofluorescence were
performed as described in Section 2. The origin on the plasmids and cell lines is also
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described in Section 2. We used the Hela BiFC cell line, and overexpressed the
corresponding plasmids using X-tremeGENE 9 DNA transfection reagent (Roche), 20
hours before the experiment, and according to the manufacturers’ protocol.

STED imaging of fixed samples

Immunofluorescence was performed as described in Section 2. The cover glasses
were mounted on glass slides using ProLong Gold (Thermo Fisher Scientific). Images
were performed on a commercial Leica TCS SP8 STED 3x microscope equipped with
a pulsed supercontinuum white light laser excitation source, using a 100x 1.4 NA oil
HC PL APO CS2 objective. In all acquisitions the pinhole size was set to 151.6 pum

size.

The BIiFC signal was detected in confocal mode (without STED) using 514-nm
wavelength excitation at 8% of the white-light laser intensity (set at 70% output
power); the PAUF-MycHis signal was detected in STED mode, where the excitation
was performed using a 633-nm line at 1% of the white-light laser intensity and the
depletion was performed with a second ps-pulsed laser at 775nm with a 0-ps pulse
delay and used at 100% intensity (output power set to 100%). The two channels were
imaged sequentially line by line, in an almost simultaneous manner to minimize the
effects of mechanical drift of the system. Images were taken with multiple line
accumulations (up to 16 accumulations) with a pixel size of around 10 nm, with
scanning at 400 lines per second. The detection of the two channels was done with
two separate HyD SMD detectors in photon counting mode and acquisition
windows set to 524-607 nm (for the BiFC channel) and to 643745 nm (for the PAUF-
MycHis channel) and using time gating (gating from 0.3 ns to 6 ns). Images were
acquired with the Leica LAS AF software and further deconvolved using Huygens
software, to improve the spatial resolution in both the confocal BiFC channel and
the STED PAUF-MycHis channel.

STED imaging of live samples

For the live-cell imaging, cells were seeded on 35 mm cell imaging dishes with glass
bottom (#81218-200, Ibidi) ~24 hours before transfection. The imaging dishes had
been previously coated with fibronectin by incubation with 125 pg of fibronectin for
30 minutes at 37°C. Hela BiFC cells were transfected with either PAUF-SNAP or ss-
SNAP plasmids. 20 hours later, they were labeled with 1 puM JFX650-SNAPligand
(Janelia Materials) in DMEM (10%FBS, 2.5mM L-glutamine, without antibiotics,
without phenol red) for 15 min at 37°C. Samples were washed 3 times with PBS.
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Then, the medium of the cells was changed to DMEM (10%FBS, 2.5mM L-glutamine,
without antibiotics, without phenol red) with 25 mM HEPES pH 7.4. Cells were then
incubated for 2h at 20°C. After the 20°C block, cells were washed 3 times with PBS,
and the medium was changed to DMEM, and cells were imaged at 37°C during 1
hour.

Imaging was performed with the Abberior STED microscope expert line and the
control software Imspector. This microscope is mounted on a U-MCZ Olympus
Microscope controller, equipped with 485, 518, and 561, and 640 nm excitation
lasers (all except the 405 are pulsed lasers), and 775 nm and 595 nm depletion lasers.
We used the Olympus Objective UPLXApO60XO with 60x magnification, 0.15 mm
working distance, 1.42 NA, and cover correction of 0.17 mm. The pinhole was always
set to 1.0AU.

Samples were kept at 37°C during the whole acquisition with a custom-made
incubator. The 2 channels were recorded sequentially line by line. Videos were
acquired at 5 seconds per frame until bleaching, using a 30 nm pixel size, 2 ps/pixel
dwell time, and no line or frame accumulations. The fluorophore JF646-SNAPligand
was excited with 640 nm laser, at 15% laser power, and the depletion laser 775 nm
at 2% laser power. The BIFC fluorescence was obtained with excitation with the 518
nm laser at 10% laser power. Detection was carried out with an Ultra-high-sensitivity
APD. The detection windows are not specified by the Imspector software, but
correspond to the pre-established channel conditions “Silicon rhodamine” and
“Yellow Fluorescent Protein”.

Image deconvolution

Deconvolution processing was performed with Huygens Professional version 18.04
(Scientific Volume Imaging). For that, a theoretical point-spread function was
automatically computed based on the microscope and image acquisition
parameters. The deconvolution process was numerically performed using the Classic
Maximum Likelihood Estimation algorithm. In brief, this algorithm assumes that the
photon noise is Poisson-distributed, and the likelihood of an estimate of the actual
image given the computed point-spread function and the acquired image is
iteratively optimized until either a quality factor or a maximum number of iterations
is reached. In our deconvolutions, we used a quality factor equal to 0.001 and a
maximum 50 iterations. The signal-to-noise ratio for each acquired image was
computed based on three line profiles going through regions of background signals
toward regions of positive, actual signals. Typically, signal-to-noise ratios were on
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the order of 7-20 for the different analyzed confocal images and 7 for the STED
image.

After deconvolution of the STED images, the effective resolution obtained was ~30
nm for the PAUF-MycHis channel, in fixed samples, and ~150 nm for PAUF-SNAP in
live samples.

3.2. RESULTS

We first visualized CARTS in the Vn-OSBP-Vc-VAP-A stably expressing cells (Hela
BiFC) by immunostaining the exogenously overexpressed CARTS-specific cargo
PAUF-MycHis in fixed samples. Many of the putative nascent CARTS imaged by
super-resolution microscopy (STED) were located in the close vicinity of the BiFC-
positive perinuclear structures (see Figure 3, arrowheads), suggesting that CARTS
form at sites immediately adjacent to the VAP-A-OSBP complex-containing ER-
Golgi MCSs.

We then examined whether it is possible to appreciate differences in the protein
distribution when treating the cells with 25-HC. Figure 4 shows representative
images of Hela BiFC cells overexpressing PAUF-MycHis either treated or not with
25-HC. We were not able to appreciate major differences between the two
conditions. Similarly to control cells, 25-HC-treated cells revealed heterogeneities of
protein cargo distribution, as well as the appearance of some punctate structures
located adjacent to the BiFC signal.

Live-STED was performed in order to visualize the dynamics of these cargo
accumulations in the proximity to ER-Golgi MCS, without the need of chemical
fixation of the cells. When overexpressing PAUF-SNAP in Hela BiFC cells (see Figure
5A), we detected similar puncta as the ones observed in the fixed samples (Figures
3,4). Additionally, MCS structures move together with these puncta of cargo
accumulation, sometimes even wrapping them. We can also observe fusion and
fission events between these punctate structures, suggesting that they are not fully-
formed carriers, but rather nanodomains of cargo accumulation still connected to
the lumen of the TGN. We also observed that some of these cargo-containing buds
become bigger, more rounded, and move away from the ER-Golgi MCS (Figure 5A,
red). We propose that they correspond to newly formed CARTS that travel away
from the TGN en route to the cell surface.
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BiFC Vn-OSBP-Vc-VAP-A PAUF-MycHis

B .

Figure 3. Super-resolution STED microscopy images of PAUF in HelLa BiFC. CARTS
formation sites (PAUF-MycHis channel, imaged by STED) are in close proximity to VAP-A-
OSBP-mediated ER-Golgi MCSs (BiFC channel, imaged by confocal microscopy). High
magnifications of the boxed areas are shown in the bottom panels. Arrowheads indicate
putative nascent CARTS located in the close vicinity of the BiFC signal of Vn-OSBP-Vc-VAP-
A. Scale bars, 5 um (top panels), 1 um (bottom panels). (Published in Y. Wakana et al., Journal
of Cell Biology (2021)8).



Chapter 5: Characterization of Protein Sorting at ER-Golgi MCS

control 25-HC

Figure 4. Super-resolution STED microscopy images of PAUF in Hela BiFC treated with
25-HC. PAUF-MycHis channel was imaged by STED and VAP-A-OSBP-mediated ER-Golgi
MCSs (BiFC channel) were imaged by confocal microscopy. Left images correspond to Hela
cells in control conditions, and right images correspond to 25-HC treated cells. Scale bars 4
pum.

We next monitored by live-cell STED microscopy how the bulk cargo protein ss-
SNAP distributes within the TGN and in relation to the ER-Golgi MCS during its
export. Our results revealed that ss-SNAP presents a more smeared distribution of
its signal, with less punctate structures and enlarged regions of cargo accumulation
(Figure 5B). These domains also move in synchrony with the MCS. Although many
of the more rounded structures seem to be located away from the MCS, it is difficult
to confirm their presence in these regions because we are not imaging the full 3D
volume.
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Figure 5. Live-STED imaging of PAUF-SNAP and ss-SNAP in Hela BiFC cells. The red
and blue boxes represent regions that have been zoomed in at the right. The movement of
selected structures (white arrowheads) is displayed with a time sequence. Scale bar in the
overall images is 5 um, while scale bar on the zoom-ins is 1 um. A. Overexpression of PAUF-
SNAP on Hela BiFC cells. Many punctate structures move together with the BiFC signal. Some
move away from the BiFC signal once they get more rounded, and the BiFC signal can
disappear. B. Overexpression of ss-SNAP on the Hela BiFC cells. One can appreciate similar
punctate structures that move together with the BiFC structures. In the second example, one
can hint a tubular structure coming out.
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4. SINGLE PARTICLE TRACKING TO STUDY PROTEIN
SORTING AT THE TGN

So far, our data indicated that the CARTS specific protein cargo is not
homogeneously distributed in the TGN, but it rather accumulates in nanodomains
that many times are very close to the ER-Golgi MCS. In the following experiments
we aimed to better describe the dynamics of the protein cargoes in these punctate
regions, in order to shed light on the properties of these cargo heterogeneities.
Moreover, the sequentially acquired BiFC images will let us link these results with
the spatial organization of the MCS signal.

We hypothesize that these regions of cargo accumulation should have distinct
diffusion properties. Such differences could exist independently of whether there is
an active sorting mechanism, which will lead to a selective leading of cargoes into
these TGN export sites; or not, where cargo proteins simply accumulate by bulk flow
at sites of carrier biogenesis, and experience a crowded and confined environment.
Consequently, according to our hypothesis, we predicted that the proteins within
these nanodomains should exhibit a rather confined (i.e. alpha exponent between 0
and 1) and slow diffusion (diffusion coefficient in the order of 10" um?/s). Being able
to monitor slight differences in the extent and type of motion within these
nanodomains could be informative to distinguish different molecular mechanisms
of cargo recruitment. A reduction of the mobility could indicate either cargo
aggregation or condensation, similar to what has been observed for the Ca** and
Cab45-dependent sorting mechanism,” or a rather stable interaction with other
proteins behaving as cargo receptors, as it has been suggested for TGN46.% To
tackle these and other questions, our aim is to investigate the spatiotemporal
dynamics of cargo proteins at the TGN by using SPT.

Some of the open questions that we would like to address are:

(i) Do TGN regions of cargo accumulation have distinct diffusion properties? To test
this, we need to be able to visualize and sample the diffusion properties (diffusion
coefficient and alpha exponent) of the cargo proteins in space, that is, in relation to
the location within the cell. The challenge arises from the generally scarce statistics
of intracellular SPT. We do not only need to obtain trajectories long enough to very
precisely determine their diffusion properties, but also the number of trajectories
should be large enough to be able to have a good spatial sampling so we can
distinguish the nanodomains of cargo accumulation. To overcome the first
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challenge, we used a deep learning approach for the prediction of the diffusion
coefficient and the alpha exponent that performs better with short trajectories, and
that provides frame-wise diffusion values (described in Chapter 2, Section 4.2).
These can be correlated to their position in space to obtain spatial information about
cargo dynamics. To overcome the challenge of having a high sampling of the TGN
regions, we used photoactivatable fluorescent dyes, that allowed the harvest of
enough trajectories to sample all underlying molecular processes.

(it) Do these regions have homogeneous diffusion properties? An advantage of being
able to obtain the diffusion properties of the cargo proteins in space is that we can
test whether proteins experience different dynamic states within this nanodomains,
and if there are distinct nanodomains with distinct diffusion properties.

(iii) If the regions have homogeneous diffusion properties, do these correspond to
specific sorting mechanism? Observing well-defined, homogeneous diffusion
properties within these TGN regions of cargo accumulation could indicate lack of an
active sorting mechanism, and therefore could be simply due to a reduction of the
mobility due to the crowding within these regions. Alternatively, if cargo is sorted
into those regions and retained there by an aggregation/condensation mechanism,
we would also expect a similar behavior with respect to homogeneous diffusion
properties. In order to distinguish between these two possibilities, we used the
control ss-SNAP, that lacks a possible sorting motif, and therefore should allow the
distinction between bulk accumulation of cargo (signal-independent), and specific
sorting through aggregation/condensation (signal-dependent).

(iv) If the regions have inhomogeneous diffusion properties, is this a signature of a
sorting mechanism? Heterogeneous diffusion properties within these nanodomains,
and more specifically, the existence of immobile or highly confined proteins, might
be indicative of a sorting mechanism in which there are rather immobile receptors
that strongly interact with the cargo proteins. This interaction can be transient, and
therefore allow the successive recruitment of more cargo proteins. These two
populations of recruited proteins, one that is bound to the receptor, and the other
one that is not, would have distinct mobilities.

(v) Are these regions distributed preferentially close to the ER-Golgi MCS? In Wakana
et al. Journal of Cell Biology (2020) we have shown that the nascent CARTS are in
very close apposition to the ER-Golgi MCS (see Section 3).° If diffusion properties
of the cargoes in these buds close to the MCS were different to those located far
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from the MCS, this would suggest the existence of an underlying molecular
mechanism for the sorting within these regions closely located to MCS.

(vi) Does the lipid transfer at MCS trigger the formation of these nanodomains of cargo
accumulation? To find out whether the MCS' lipid transfer function regulates this
mechanism, we used the molecule 25-HC, which stabilizes the interaction between
OSBP and VAP, and prevents the cholesterol and PI4P transfer between the
membranes. TGN enrichment in cholesterol and DAG promoted by functional ER-
Golgi MCS has been suggested to play a role in protein sorting.®?” We might expect
three possible results:

(i) Disappearance of the sorting regions, due to the lack of sphingolipid-rich
nanodomains. Looking at the STED images, which display these punctate
structures even after treatment with 25-HC, this possibility is very unlikely.

(i) Increase of the number of sorting regions, of conserved number of
molecules. This would suggest a limit in growth of these sorting regions.

(iii) Conservation of the number of sorting regions, but of higher number of
molecules.

(iv) No effect in cargo dynamics caused by 25-HC treatment. This would
indicate that the ER-Golgi MCS might be regulating the formation of CARTS
at the later steps of the carrier biogenesis, downstream of cargo sorting.

4.1. METHODS
Cell culture and molecular biology

Cell culture and transfection were performed as described in Section 2. The origin
on the plasmids and cell lines is also described in Section 2.

Secretion synchronization

Cells were seeded on 35 mm cell imaging dishes with glass bottom (#81218-200,
Ibidi) the previous day. 20 hours after transfection, cells were labeled with 1 uM PA-
JF549-SNAPligand (Janelia Materials)®® in DMEM (10% FBS, 2.5 mM L-glutamine,
without antibiotics, without Phenol Red) for 15 min at 37°C and 5% CO, and washed
3 times with PBS previous to the 20°C block. Then they were incubated for 2 hours
at 20°Cin DMEM (10% FBS, 2.5 mM L-glutamine, without antibiotics, without Phenol
Red) with 25 mM HEPES pH 7.4, which also served as washing time for the Janelia
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fluorophore. After blocking the export at the TGN by this incubation, cells were
washed again 3 times with PBS, and the medium was changed to DMEM (10% FBS,
2.5 mM L-glutamine, without antibiotics, without Phenol Red) with 25 mM HEPES
pH 7.4. Cells were further incubated 30 minutes at 37°C and subsequently used for
imaging.

SPT imaging

Imaging was performed on a Nikon Eclipse Ti system using a 100x oil objective with
NA of 1.49, equipped with an ANDOR technology EMCCD iXon 897 camera, with a
512x512 pixels field of view, and 156.7 nm pixel size. The system has 4 laser lines of
wavelength: 405 nm, 488 nm, 560 nm and 647 nm. Imaging at 37°C was achieved
with a custom-built incubator.

Image sequences of ROIs of size 150x150 pixel were obtained using HILO
illumination (adjusted for each sample). The illumination conditions were chosen
according to the conclusions derived from Chapter 4:

1- Simultaneous illumination with 2% (~329 mW/cm?* of the 405 nm laser and 5%
(~3.5 W/cm?)* of the 560 nm laser during 20 ms, for photoactivation of the JF dye
and the imaging of the BiFC signal, respectively.

2- lllumination with the 647 nm laser at 30% power (~805 W/cm?)* for 20 seconds,
for the single molecule imaging of the JF dye.

3- Repetition of the illumination sequence 15 times, i.e. imaging during 5 min.

*The laser powers were measured in epifluorescence illumination mode at the
specimen side.

The frame rate was chosen according to the characterization described in Chapter
4, which was performed for both overexpressed proteins (PAUF-SNAP and ss-SNAP).
The characterization for PAUF-SNAP was already shown in Chapter 4. Consequently,
we used a 2% laser power of the photoactivating laser, and a 10 ms frame rate. In
Figure 6, we show the calculated maximum achievable velocities for a linking
distance in which there is an approximate 5% probability of having a wrong linking
candidate. In order to maximize the detectable maximum velocity, and reduce the
ratio of rejected displacements, we selected a 2% laser power for the
photoactivation, and a 10 ms frame time.
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Figure 6. Selection of the frame rate and the labeling density for SPT of the proteins
PAUF-SNAP and ss-SNAP labeled with PA-JF646. Living Hela BiFC cells overexpressing
either of the plasmids, labeled with PA-JF646-Halo ligand, and washed for 2 hours with PBS.
The excitation was performed with continuous illumination at 30% laser power of the 647
nm laser, and photoactivation for 10 ms with the 405 nm laser at different powers every 20
seconds. The acquisition was at 10, 20 or 30 ms frame time. Detection threshold was set to
SNR 2. A. Maximum detectable diffusion coefficient for the protein PAUF-SNAP. B. Maximum
detectable diffusion coefficient for the protein ss-SNAP.

4.2. DEVELOPED ANALYSIS

Spot detection and tracking

Spot detection and tracking were performed with Trackit, implemented in
MATLAB.? The spot detection was performed with a SNR thresholding value equal
to 2. The tracking was performed with nearest neighbors, using a tracking radius of
5.1 px (0.8 um) for the ss-SNAP samples, and 3.2 px (0.5 um) for the PAUF-SNAP
samples. The selection of the tracking radius is based on the previously described
calibration of the framerate and the photoactivation conditions (see Figure 6 and
Chapter 4). These selected linking distances provide a linking error smaller than 5%.
We selected a minimum tracking length of 2 frames, 1 gap frames and a minimum
track length before gap of 0 frames.

Classical diffusion analysis with MATLAB

Classical TA-MSD was performed with a self-written MATLAB user interface (see
Chapter 4). It can be found in the following Github repository link:
https://qgithub.com/JessicaAnqulo/SPT analysis Ul.git

This user interface allowed the selection of an ROI containing the perinuclear area,
and therefore excludes trajectories laying outside. For each identified trajectory, we
computed (i) the instantaneous velocity in every frame as the frame-by-frame
displacement divided by the frame time and (ii) the diffusion coefficient (also
referred to as instantaneous diffusion coefficient, D;_,), which was calculated from
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the TA-MSD. Specifically, for a particle trajectory with coordinate position vectors x;,
composed of N time steps, the TA-MSD at time lag t, is calculated as:

N-m

TA-MSD(t1q, = mAt) = ﬁ z [%;(¢; +mAe) — x;(t)]” (M
i=1

and from here the diffusion coefficient, D,_,, was computed by a linear fit of
TA-MSD(t1q4) = 4D1_4t1q5 + b using the first four time lags, t,5, = mAt, for m =
1to 4, where At is the frame time. The "y" intercept (b) is also fitted for each
trajectory. For these computations, we used only those trajectories with a minimum

trajectory length of 12 frames.

The angle distribution was obtained by calculation of the angle formed by triplets
of points in successive displacements. To that end, the two vectors (4, joining points
1 and 2; and B, joining points 2 and 3) were normalized to create unit vectors. The
dot product between the two vectors was used to determine the cosine of the angle
between them (see Equation (2)). Finally, the angle was obtained using the arccosine.
The orientation was obtained by computing the cross product of both vectors (see
Equation (3)), and from there the scalar that indicates the magnitude and sign of
what would be the z-component of the 3D cross product. The result will be positive
for counterclockwise turns, and negative for clockwise turns.

A-B=|A|-|B|-cos8 @)
(AxB) -k =asbh, —a,b, (3)
where k is the unit vector in the z direction.

Diffusion analysis with STEP (Python)

We obtained the pointwise diffusion properties of the trajectories with STEP, a
machine learning method able to predict the diffusion coefficient and the
anomalous diffusion exponent, at each time step of the input trajectory.®® The codes
for the original  publication of STEP can be found in:
https://github.com/BorjaRequena/step.git. The scripts for the specific data analysis

can be found in: https://github.com/JessicaAngulo/step.qit.

Two models were trained by B. Requena (ICFO-Institute of Photonic Sciences,
Barcelona, Spain). The details are described in Chapter 4, Section 2.2. The
trajectories used in the training were generated following the procedure described
in G. Mufoz-Gil et al. for the fractional Brownian motion (FBM) diffusion model.?
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For the inference, we used only those trajectories with a minimum trajectory length
of 12 frames, and located no further than 40 pixels away from the BiFC structures
(the second fluorescence channel used to obtain a diffraction-limited mask of the
ER-Golgi MCS regions). The initial position of each trajectory was adjusted to start
at the origin (i.e., coordinate [0,0]). This means that we shifted the entire trajectory
such that the starting point is at (0,0). Additionally, we scaled the displacements (the
changes in position between consecutive frames) by dividing them by their standard
deviation. This normalization step ensures that the variations in trajectory
displacements are comparable across different trajectories, making the data more
consistent for analysis.

BiFC signal detection

The detection of the BiFC fluorescent structures was performed with the same self-
written MATLAB user interface, that can be found in the following repository link:
https://github.com/JessicaAngulo/SPT analysis Ul.git

Our approach includes a few user-defined parameters, such as thresholding value
for the selection of the meaningful intensity, and a number of intensity levels, that
will be further explained below. As one can observe in Figure 7, we chose this
methodology over a simple thresholding, in order to be able to identify overlaying
structures of different intensity. Although the detected signal is diffraction-limited
and very influenced by the signal coming from other focal planes, we consider that
these structures correspond, in a first-order approximation, to the MCS structures
observed by STED microscopy. Therefore, we consider that it is important to assess
the protein cargo dynamics with respect to the boundaries, even if these boundary
positions are not exactly matching their actual position with very high accuracy.
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Figure 7. Analysis of the BiFC signal. These are representative images of a sequential
imaging of the BiFC fluorescence. The top row shows the analysis performed. The lower row
shows a simple thresholding of the signal. Different colors label the differently segmented
regions.

The image processing pipeline that we built for the identification of the BiFC
structures is illustrated in Figure 8. First, the BiFC image (contrast adjusted) is
Gaussian filtered with the MATLAB function imgaussfilt, which uses a 2-D Gaussian
smoothing kernel of standard deviation 2. Then, this filtered image is used for the
user selection of an intensity threshold, which in turn is used on the original image.
The thresholded image is eroded using a disk-shaped structuring element of size 3
pixels (MATLAB function imerode), and morphologically opened using the eroded
image as mask to identify high-intensity objects (MATLAB function imreconstruct).
This opened image is Gaussian filtered again with a kernel of standard deviation 1,
and used for the identification of the regional maxima of the H-maxima transform
(MATLAB function imextendedmax). Regional maxima are connected components of
pixels with a constant intensity value, and whose external boundary pixels all have a
lower value. The threshold of the local maxima regions was set to 50. The obtained
binary mask is already used for the identification of the structures’ boundaries, using
the function bwboundaries ('noholes’ option). These are the firstly identified BiFC
structures, corresponding to the ones of highest intensity. In the following cycle, the
maximum intensity regions are subtracted from the opened image, the regional
maxima are identified again, and boundaries are extracted. This process is repeated
as many times as selected by the user (from 1 to 3 times), allowing to identify
structures of homogeneous intensity, for different intensity levels. For these results,
the number of rounds was selected according to the observed intensity levels. Given
that an image of the BiFC signal is taken every 20 seconds, this analysis is repeated
for all image in each time-lapse movie.
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The distance of all localizations to the boundaries of these identified structures is
calculated using k-nearest neighbors. This function finds the closest boundary point
for each localization, and computes the distance (function knnsearch). The sign if
these distances is expressed as negative when the localization lays inside the
structure. These distances are afterwards used for the link between diffusion

parameters and distance to MCS.
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Figure 8. Analysis pipeline for the segmentation of the BiFC signal with morphological
transformations. The original image (top left) is Gaussian filtered and thresholded. The
selected threshold is used as a binary mask to remove background fluorescence. This
processed image is eroded and morphologically opened. The result is used for the
identification of regional maxima, that are in turn used for the identification of the structures
boundaries. The identification of regional maxima and structure boundaries are repeated to
extract structures with different intensity levels.

4.3. RESULTS

Characterization of the confined regions

Thanks to the use of photoactivation, that allowed us to harvest many trajectories;
and the machine learning algorithm STEP, that provided us step-wise values for the
diffusion parameters, we were able to obtain enough data to plot the diffusion
properties of the collected trajectories, and reconstruct a diffusion spatial map. This
analysis showed that indeed there are many regions that concentrate trajectories of
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very confined motion, with anomalous diffusion exponents ranging from 0 to 0.2 in
Figure 9A. In Figure 9B, we discretized the ranges of values to better visualize these
3 types of confinement: (i) highly confined motion, with alpha coefficient 0 to 0.2;
(it) subdiffusive motion, with alpha ranging from 0.2 to 0.6; and (ii)) Brownian motion,
with alphas from 0.6 to 1.2. This definition is arbitrary based on visual inspection of
the trajectories and values.

-0.25
—-0.50
—-0.75
-1.00

-1.25

Figure 9. Diffusion maps of the cargo protein PAUF-SNAP. Representation of the
framewise diffusion parameters predicted with STEP in space, on top of the grey scaled
image of the ER-Golgi MCS, imaged through BiFC. A-B. Diffusion map colored by the
framewise alpha exponents. A. Full distribution of alpha exponents. B. Discretization of the
alpha exponents. Range from 0 to 0.2 in purple, range from 0.2 to 0.6 in blue, and values
higher than 0.6 in yellow. C-D. Diffusion map colored by the framewise diffusion coefficients,
expressed in logarithmic scale. €. Full distribution of the diffusion coefficients. D.
Discretization of the diffusion coefficient. The range of values smaller than 0.3 um?/s
(indicated as 10°%° in the figure) are colored in purple, and the range of values higher than
this value are colored in blue.

Although SPT has the inherent limitation of not being able to sample all the proteins
at the same time, we observed that these regions of high protein confinement do
many times consist in more than one trajectory (see Figure 10), indicating that they
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are indeed regions of accumulation of cargo with characteristic diffusion properties.
Moreover, we sometimes observed trajectories displaying an increase of the
confinement when approaching the nanodomain (Figure 10 insets).

B

Figure 10. Representative diffusion map of PAUF-SNAP in a Hela cell. Representation
of the framewise diffusion parameters predicted with STEP in space, on top of the grey scaled
image of the ER-Golgi MCS, imaged through BiFC. Insets show examples of nanodomains of
high confinement that are visited by different proteins. A. Discretization of the alpha
exponents. Range from 0 to 0.2 in purple, range from 0.2 to 0.6 in blue, and values higher
than 0.6 in yellow. B. Spatial representation of the trajectories, each one labeled with a
different color to distinguish regions with different trajectories that share alpha values.

These regions of high confinement (alpha from 0 to 0.2, purple in Figure 10A) have
sizes of 500 to 900 nm, which is consistent with the structures observed with STED,
and the described sizes of CARTS™. Visual inspection of their diffusion characteristics
indicates that these regions have (i) rather homogeneous degrees of confinement
(similar alpha exponents), and (i) a wider distribution of diffusion coefficients
(Figure 9C, D). Indeed, a closer inspection into the distribution of diffusion
coefficients of the highly confined proteins (see Figure 11A, purple) and of the
subdiffusive proteins (see Figure 11A, blue), reveals that the former displays a
bimodal distribution of diffusion coefficients (with peaks at ~0.1 and 1 um?/s),
whereas the latter follows a rather unimodal distribution with a peak at ~1 um?/s.
Therefore, there are two types of regions of high confinement (alpha from 0 to 0.2,
purple in Figure 10A) with two characteristic diffusion coefficients. We propose
three possible hypothesis to rationalize this observation: (i) that the population of
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proteins that follow a confined dynamics with a smaller diffusion coefficient (~0.1
um?/s) corresponds to an active retention by a sorting mechanism, whereas those
with larger diffusion coefficient (~1 um?®/s) correspond to cargo proteins that
accumulate in bulk in nascent budding sites; (ii) that the two populations (high an
slow diffusion coefficients) correspond to two different sorting mechanisms; or (ii()
that both populations correspond to bulk accumulation of cargo protein (without
any active sorting mechanism), with distinct degrees of packing (possible due to
geometrical constrains).

In order to test if we can distinguish between these possible hypotheses, we took
advantage of the control cargo protein ss-SNAP, which is the SNAP tag fused to an
ER targeting signal sequence, and therefore should not have any signal for sorting
into CARTS. This cargo should therefore exit the TGN by bulk export, so it is probable
that it can be packed both into other carriers and CARTS. However, even if sorted
into CARTS, we expected ss-SNAP to have distinct diffusion properties that would
allow us to distinguish reduction of the mobility by crowding, from an active
retention mechanism.

Hence, we used SPT and quantitatively analyzed the dynamics of ss-SNAP in relation
with the spatial location of ER-Golgi MCS. The diffusion maps of a representative
cell are shown in Figure 12. Similarly to PAUF-SNAP, ss-SNAP also show
accumulation of confined diffusion, and the ranges of alpha coefficient and diffusion
coefficient values are very similar to those of PAUF-SNAP. Figure 11B shows that
ss-SNAP also exhibits a bimodal distribution of diffusion coefficients. Moreover, the
ratio of ss-SNAP molecules in each of the dynamics states is indistinguishable from
that of PAUF-SNAP (see Figure 11C). The selection of the ranges of alpha and
diffusion coefficient are shown in Figure 13. In conclusion, a protein lacking possible
specific sorting signals displays the same dynamics in the regions of cargo
accumulation, and the ratio of molecules within these regions is also the same, one
can derive that there are no characteristic diffusion properties for active sorting
within these nanodomains.
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Figure 11. Diffusion properties of PAUF-SNAP and ss-SNAP. A-B. Distribution of the
framewise diffusion coefficient for confined and subdiffusive molecules, expressed in
logarithmic scale. Confined molecules (purple) are characterized by an alpha coefficient of 0
to 0.2. Subdiffusive molecules (blue) are characterized by an alpha coefficient of 0.2 to 0.6.
A. Distribution for PAUF-SNAP. B. Distribution for ss-SNAP. C. Probability to be in each of
the diffusion states for PAUF-SNAP and ss-SNAP. Each point represents an independent
sample, each one having data from 3 to 7 cells. The probability is calculated as the fraction
of step-wise diffusion values laying in the different ranges of alpha exponent and diffusion
coefficient. The values are classified as “Confined” when their alpha exponent is between 0
and 0.2, "Subdiffusive” when their alpha exponent is between 0.2 and 0.6, and “Brownian”
when it is larger than 0.6. They are also classified as “Slow” when their diffusion coefficient is
smaller than 0.3 um?/s, and “Fast” when it is larger. There is no significant difference within
populations when comparing PAUF-SNAP and ss-SNAP with unpaired Welch's T-test.
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Figure 12. Diffusion maps of the cargo protein ss-SNAP. Representation of the framewise
diffusion parameters predicted with STEP in space, on top of the grey scaled image of the
ER-Golgi MCS, imaged through BiFC. A-B. Diffusion map colored by the framewise alpha
exponents. A. Full distribution of alpha exponents. B. Discretization of the alpha exponents.
Range from 0 to 0.2 in purple, range from 0.2 to 0.6 in blue, and values larger than 0.6 in
yellow. C-D. Diffusion map colored by the framewise diffusion coefficients, expressed in
logarithmic scale. C. Full distribution of the diffusion coefficients. D. Discretization of the
diffusion coefficient. The range of values smaller than 0.3 um?/s (indicated as 10°° in the
figure) are colored in purple, and the range of values larger than this value are colored in
blue.



Chapter 5: Characterization of Protein Sorting at ER-Golgi MCS

0.0200
175 Brownian slow Brownian fast
0.0175
1.50
0.0150
1.25
0.0125
°
© 1.00 o
= 0.0100 &
© =)
0.75 =
0.0075 =
Subdiffusive Subdiffusive
0.50 I3 fast 0.0050
0.25 — 0.0025
Confined slow I Con '?e
0.00 ast: 0.0000

-2 -1 0 1

Diffusion Coefficient [um%s] (log scale)
Figure 13. Histogram of the framewise diffusion coefficient versus the framewise alpha
coefficient of PAUF-SNAP molecules. The diffusion coefficient is expressed in logarithmic
scale. The scale bar represents the normalized probability. The values are classified as
"Confined” when their alpha exponent is between 0 and 0.2, “Subdiffusive” when their alpha
exponent is between 0.2 and 0.6, and "Brownian” when it is larger than 0.6. They are also
classified as “slow” when their diffusion coefficient is smaller than 0.3 um?/s, and “fast” when
it is larger.
Although we don't see statistically significant changes between the two protein
cargoes, something striking is that the ratio of molecules in each of these diffusion
states is very consistent between samples, even between the two different protein
cargoes. This shows that each of our imaging sessions contains enough information
to sample all types of diffusion populations, and that the ratio of molecules in each
of these states is conserved. One could speculate that this data suggests the
existence of a generalized molecular mechanism that controls the ratio of molecules
that are being packed into carriers. It will be interesting in the future to investigate
this possibility in more detail.

Distribution of the sorting regions with respect to the MCS

One of the main questions that we wanted to address in this thesis is whether there
is spatial and functional relation between cargo sorting regions at the TGN and ER-
Golgi MCS. And whether the sorting regions located closer to the MCS have different
diffusion properties. If true, this would establish a connection between sorting
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mechanism and cargo dynamics. In Figure 14, we represent the distribution of the
confined particles with respect to the distance to the BiFC-positive region
boundaries. There seems to be an accumulation of confined movement very close
to the MCS, at locations practically in contact with the boundary (see Figure 14A).
Only the confined motion that also has a small diffusion coefficient is enriched at
MCS boundaries.

A similar accumulation of confined motion located close to MCS is present for the
tracking of ss-SNAP. However, in this case there is also confinement at longer
distances, around 3-4 um (see Figure 14B). The fact that confined and slow motion
is present both close and far away from the MCS, and both in the specific cargo
PAUF and ss-SNAP, discards this type of motion as a readout of an active sorting
mechanism. In conclusion, though this confined and slow motion is not
characteristic of ER-Golgi MCS-associated cargo accumulations, we can say that
PAUF cargo accumulations are located very close to the MCS (closer than 1 um). We
can also suggest that the control cargo ss-SNAP also visits these regions of cargo
accumulation of high confinement and slow diffusion coefficient, which are very
close to the MCS. However, simultaneous imaging with the two cargo proteins
should be performed to confirm so.

A quantification of the number of displacements which are considered close and far,
within these diffusion populations is shown in Figure 14C. Indeed, only for the cargo
protein PAUF-SNAP, it is more probable to find confined and slow motion very close
to the MCS (closer than 1 um), than far from the MCS (from 1 to 5 um away) (see
Figure 14C, Confined and slow). Moreover, the confined and fast motion is more
probable in PAUF-SNAP molecules that are far away from the MCS (see Figure 14C,
Confined and fast).

Taken our data together, we can say that protein accumulations are dispersed
throughout the TGN, both near and distant from the ER-Golgi MCS. However, PAUF
molecules exhibiting confined and slow motion are predominantly found close to
the MCS, while ss-SNAP molecules with similar diffusion characteristics are evenly
distributed. This points out towards a model in which, although the recruitment of
protein cargo for secretion at the TGN by CARTS is regulated upstream of the ER-
Golgi MCS, these MCS influence the nucleation preference of these protein
accumulations.
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Figure 14. Distribution of the motion with respect to MCS distance. A-B. Distribution of
the framewise confined motion with respect to the MCS distance. The confined motion
(alpha exponent smaller than 0.2) is divided in slow motion (diffusion coefficient smaller than
0.3 um?/s, purple), and fast motion (diffusion coefficient higher than 0.3 um?/s, blue). A.
Distribution for the protein PAUF-SNAP. B. Distribution for the protein ss-SNAP. C.
Probability to be in each of the diffusion states for PAUF-SNAP and ss-SNAP. Each point
represents an independent sample, each one having from 3 to 7 cells. The probability is
calculated from the number of step-wise diffusion values laying in the different ranges of
alpha exponent and diffusion coefficient, for displacements located close or far from the
MCS. The values are considered “close” when they are located at a distance to the MCS
boundaries smaller than 1 um, and “far”, when they are located between 1 and 5 pum away
from the MCS boundaries. The values are classified as “Confined” when their alpha exponent
is between 0 and 0.2, “"Subdiffusive” when their alpha exponent is between 0.2 and 0.6, and
“Brownian” when it is larger than 0.6. They are also classified as “Slow” when their diffusion
coefficient is smaller than 0.3 um?/s, and “Fast” when it is higher. The only statistically
significant differences are labeled with asterisks, and have been calculated with a paired t-
test between probabilities of the same protein, and with unpaired Welch's T-test for
comparisons between the two different proteins.
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Diffusion properties of the confined regions after treatment with 25-HC

We have observed that PAUF-SNAP, and to a lower extent ss-SNAP, accumulates in
regions of confined and slow motion very close to ER-Golgi MCS. Do these MCS play
an active role in controlling cargo dynamics, and if so, how? As explained in the
introduction, lipid transfer at ER-Golgi MCS has been speculated to contribute to
the formation of cholesterol and sphingolipid-rich membrane nanodomains at the
TGN, which could in turn serve as platforms for cargo sorting and the biogenesis of
CARTS. In order to test whether lipid transfer at ER-Golgi MCS alters secretory cargo
dynamics at the TGN, we used the molecule 25-HC, a cholesterol analog that inhibits
the lipid transport by the ER-Golgi MCS protein OSBP, leading to stable but non-
functional —regarding lipid transfer— ER-Golgi MCS. Of note, incubating HelLa BiFC
cells with 25-HC led to the inhibition of CARTS formation, which implies that a larger
number of cargo molecules will be in the TGN after 25-HC treatment. We expect
that different possible outcomes might arise with respect to cargo dynamics in 25-
HC-treated cells: (i) disappearance of the sorting regions (regions of cargo
immobilization); (i) increase in the number of sorting regions of conserved size; (iif)
conservation of the number of sorting regions of conserved number of molecules;
or (iv) no detectable changes with respect to non-25-HC treated cells.

Hela BiFC cells overexpressing PAUF-SNAP were treated with 25-HC, and the
dynamics of this cargo proteins was assessed by SPT. Our results revealed that MCS
stabilization by 25-HC did not inhibit the formation of sorting regions of confined
motion (Figure 15). Moreover, the distribution of the angles formed by consecutive
segments of a PAUF-SNAP molecule trajectory did not change upon the addition of
25-HC (Figure 16A). These results disfavor the hypothesis that 25-HC might be
inhibiting the formation of sphingolipid-rich nanodomains, and therefore dissolving
the sorting regions. Similar results are seen for the protein ss-SNAP (see Figure 17
and Figure 16B).
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Figure 15. Diffusion maps of the cargo protein PAUF-SNAP after treatment with 25-
HC. Representation of the framewise diffusion parameters predicted with STEP in space, on
top of the grey scaled image of the ER-Golgi MCS, imaged through BiFC. A-B. Diffusion map
colored by the framewise alpha exponents. A. Full distribution of alpha exponents. B.
Discretization of the alpha exponents. Range from 0 to 0.2 in purple, range from 0.2 to 0.6
in blue, and values higher than 0.6 in yellow. C-D. Diffusion map colored by the framewise
diffusion coefficients, expressed in logarithmic scale. C. Full distribution of the diffusion
coefficients. D. Discretization of the diffusion coefficient. The range of values smaller than
0.3 um?/s (indicated as 10°%° in the figure) are colored in purple, and the range of values
higher than this value are colored in blue.
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Figure 16. Angle distribution. Cells in control conditions are shown in blue, while cells
treated with 25-HC are shown in orange. The angles are calculated between consecutive
segments formed by triplets of points. All distributions are shifted to 180° indicating a
tendency of the molecules to bounce back. This is a measure of confinement. A. Distribution
for the protein cargo PAUF-SNAP. N(control) = 22 cells. N(25_HC) = 37 cells. B. Distribution
for the protein cargo ss-SNAP. N(control) = 25 cells. N(25-HC) = 35 cells.

When focusing on the computed values of the diffusion coefficient of PAUF-SNAP
and ss-SNAP molecules, we observed that 25-HC treatment shifted the diffusion
coefficient distribution towards smaller values for both cargo proteins, a tendency
perhaps more pronounced for PAUF-SNAP (Figure 18A, C). This data reveals that
stabilizing ER-Golgi MCS slows down protein dynamics, possibly due to an increase
in the number of immobile cargoes at the TGN, triggered by an active sorting
mechanism. Alternatively, this slowed down dynamics could result from molecular
crowding within the TGN as a consequence of the accumulation of secretory cargoes
by inhibition of CARTS formation. In the future, it will be interesting to test if the
dynamics of non-secretory Golgi proteins, such as glycosylation enzymes or other
resident proteins, are also affected by ER-Golgi MCS stabilization. The alpha
coefficient, though, doesn’t change for PAUF, and slightly decreases for ss-SNAP.

We next classified the cargo molecules according to their dynamics (following the
six groups of combinations of alpha coefficients and diffusion coefficients, described
in Figure 13), and quantified the probability of having each of these types of motion.
In the results, it becomes clear that the slight differences observed in the previous
histograms are not statistically significant (see Figure 19). The same is observed for
ss-SNAP. Therefore, we can conclude that the stabilization of ER-Golgi MCS and
inhibition of the lipid transfer of OSBP does not result in changes in the ratio of
accumulated protein, nor the diffusion properties of these accumulations.
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Figure 17. Diffusion maps of the cargo protein ss-SNAP after treatment with 25-HC.
Representation of the framewise diffusion parameters predicted with STEP in space, on top
of the grey scaled image of the ER-Golgi MCS, imaged through BiFC. A-B. Diffusion map
colored by the framewise alpha exponents. A. Full distribution of alpha exponents. B.
Discretization of the alpha exponents. Range from 0 to 0.2 in purple, range from 0.2 to 0.6
in blue, and values higher than 0.6 in yellow. C-D. Diffusion map colored by the framewise
diffusion coefficients, expressed in logarithmic scale. C. Full distribution of the diffusion
coefficients. D. Discretization of the diffusion coefficient. The range of values smaller than
0.3 um?/s (indicated as 10°%° in the figure) are colored in purple, and the range of values
higher than this value are colored in blue.

201 |Page



>

Probability

O

Probability

Figure 18. Stepwise diffusion coefficient and alpha coefficient distributions after 25-
HC treatment. A-B. Diffusion properties of PAUF-SNAP molecules in control conditions
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C-D. Diffusion properties of ss-SNAP molecules in control conditions (blue) and in 25-HC
treated conditions (orange). N(control) = 23 cells. N(25-HC) = 35 cells. C. Diffusion coefficient
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Figure 19. Probability to be in each of the diffusion states for PAUF-SNAP and ss-SNAP,
in cells treated with 25-HC. Each point represents an independent sample, each one having
from 3 to 7 cells. The probability is calculated from the number of step-wise diffusion values
laying in the different ranges of alpha exponent and diffusion coefficient. The values are
classified as “Confined” when their alpha exponent is between 0 and 0.2, “Subdiffusive” when
their alpha exponent is between 0.2 and 0.6, and “Brownian” when it is larger than 0.6. They
are also classified as “Slow” when their diffusion coefficient is smaller than 10°°, and “Fast”
when it is higher. There is no significant difference within populations when comparing the
control samples and the 25-HC treated samples with Welch's T-test. A. Probability values for
the protein cargo PAUF-SNAP. B. Probability values for the protein cargo ss-SNAP.
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We investigated whether the stabilization of ER-Golgi MCS alters cargo dynamics
differently based on the proximity of the proteins to the MCS. This analysis indeed
revealed some differences between cargoes localized close or far from the MCS
boundaries (i.e., within or further away than 1 um, respectively). Specifically, the
observed enrichment of "confined slow" particles close to the MCS in control cells,
is lost upon 25-HC treatment (Figure 20A). When quantifying the probability of each
type of motion, we can appreciate that the preference for PAUF-SNAP molecules to
be confined close to MCS is lost after 25-HC treatment (Figure 20C). Interestingly,
this effect is specific for PAUF-SNAP, as we did not appreciate major differences for
the dynamics of ss-SNAP with respect to the ER-Golgi MCS (Figure 21A). There
seems to be an increase of the confined and fast population close to MCS (see
Figure 21B), but this difference is not significant across samples, as shown in Figure
21C. In summary, based on our results, we can propose that MCS stabilization by
25-HC treatment does not alter the ratio of PAUF-SNAP or ss-SNAP molecules that
are being packed in slow mobility regions, possibly representing sorting
nanodomains or nascent budding sites. By contrast, for PAUF-SNAP but not for ss-
SNAP, this treatment does indeed cause a change in the location of these regions,
which are not so much concentrated at close apposition to ER-Golgi MCS.

Taken together, these results indicate that, upon stabilizing MCS and blocking
OSBP-mediated lipid transfer with 25-HC, the ratio of molecules in the cargo
accumulations remains unchanged. This suggests that the ability to recruit cargo
protein is independent of the lipid-transfer function of ER-Golgi MCS. We suggest
that it could be intrinsic to the protein or is regulated by other molecular machinery,
but it does not seem to rely on the formation of sphingolipid- and cholesterol-rich
nanodomains by MCS, as we had initially proposed. While the recruitment ratio for
secretion remains constant, the addition of 25-HC disrupts the preference for cargo
recruitment near the MCS. This could be the determining step controlling that the
cargo accumulations result into the formation of productive, bona-fide CARTS.
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Figure 20. Distribution of the motion of PAUF-SNAP with respect to MCS distance,
before and after treatment with 25-HC. A-B. Distribution of the framewise confined
motion with respect to the MCS distance. The confined motion (alpha exponent smaller than
0.2) is divided in slow motion (diffusion coefficient smaller than 0.3 um?/s, purple), and fast
motion (diffusion coefficient higher than 0.3 um?2/s, blue). The results for the control
conditions are shown in blue, and the results for the 25-HC treated conditions are shown in
orange. N(control) = 22 cells. N(25_HC) = 37 cells. A. Distribution for the confined and slow
population. B. Distribution for confined and fast population. C. Probability to be in each of
the diffusion states for control (blue) and 25-HC conditions (red). Each point represents an
independent sample, each one having from 3 to 7 cells. The probability is calculated from
the number of step-wise diffusion values laying in the different ranges of alpha exponent
and diffusion coefficient, for displacements located close or far from the MCS. The values are
considered “close” when they are located at a distance to the MCS boundaries smaller than
1 um, and “far”, when they are located between 1 and 5 um away from the MCS boundaries.
The values are classified as “Confined” when their alpha exponent is between 0 and 0.2,
"Subdiffusive” when their alpha exponent is between 0.2 and 0.6, and "Brownian” when it is
larger than 0.6. They are also classified as “Slow” when their diffusion coefficient is smaller
than 0.3 um?/s, and “Fast” when it is higher. The only statistically significant differences are
labeled with asterisks, and have been calculated with a paired t-test between probabilities of
the same protein, and with unpaired Welch's T-test for comparisons between the two
different proteins.
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Figure 21. Distribution of the motion of ss-SNAP with respect to MCS distance, before
and after treatment with 25-HC. A-B. Distribution of the framewise confined motion with
respect to the MCS distance. The confined motion (alpha exponent smaller than 0.2) is
divided in slow motion (diffusion coefficient smaller than 0.3 um?/s, purple), and fast motion
(diffusion coefficient higher than 0.3 um?/s, blue). The results for the control conditions are
shown in blue, and the results for the 25-HC treated conditions are shown in orange.
N(control) = 23 cells. N(25-HC) = 35 cells. A. Distribution for the confined and slow
population. B. Distribution for confined and fast population. C. Probability to be in each of
the diffusion states for control (blue) and 25-HC conditions (red). Each point represents an
independent sample, each one having from 3 to 7 cells. The probability is calculated from
the number of step-wise diffusion values laying in the different ranges of alpha exponent
and diffusion coefficient, for displacements located close or far from the MCS. The values are
considered “close” when they are located at a distance to the MCS boundaries smaller than
1 um, and “far”, when they are located between 1 and 5 um away from the MCS boundaries.
The values are classified as "Confined” when their alpha exponent is between 0 and 0.2,
“Subdiffusive” when their alpha exponent is between 0.2 and 0.6, and “Brownian” when it is
larger than 0.6. They are also classified as “Slow” when their diffusion coefficient is smaller
than 0.3 um?/s, and “Fast” when it is higher. The only statistically significant differences are
labeled with asterisks, and have been calculated with a paired t-test between probabilities of
the same protein, and with unpaired Welch's T-test for comparisons between the two
different proteins.
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5. DISCUSSION

In this chapter we firstly made use of super-resolution STED microscopy both in fixed
and live conditions to characterize CARTS biogenesis. With this technique, we were
able to visualize regions in the TGN of cargo accumulation. Strikingly, ER-Golgi MCS,
visualized through the interaction of Vn-OSBP and Vc-VAP-A with bimolecular
fluorescence complementation (BiFC), seem to be very close to these cargo
accumulations, and remodel and move in synchrony with them. Aiming at gaining
spatial and temporal resolution, we used SPT to characterized these regions of cargo
accumulations, and try to bring light on the molecular mechanism behind.

Our SPT results indicate that:

() These regions of cargo accumulation are characterized by a very small alpha
coefficient, that ranges from 0 to 0.2.

(it) The cargoes in those regions display two possible ranges of diffusion coefficient,
one small, centered at 10" um?/s, and one higher, centered at 1 pm?/s.

(ii)) The ratio of molecules in each of the diffusion states, and more importantly in
the two confined types of motion (small alpha and either high or low diffusion
coefficient), is highly conserved across experimental replicates and proteins. This
suggests that there is a generalized and strong regulation of the amount of protein
cargo that is being recruited for carrier biogenesis. This mechanism seems
independent of the secretion pathway, as the ratios are conserved for both a specific
cargo, and a bulk control cargo (PAUF and ss-SNAP, respectively).

(iv) The accumulations of protein are distributed all over the TGN, adjacent and far
from the ER-Golgi MCS. However, the molecules of PAUF that display a more
confined and slow motion are more enriched very close to the MCS, whereas the ss-
SNAP molecules with the same diffusion characteristics are distributed
homogeneously.

(v) Upon stabilization of MCS and block of the lipid transfer of OSBP with 25-HC, the
ratio of molecules present in the cargo accumulations is conserved, indicating that
the ability to form these aggregates is independent of the MCS. We propose that
the accumulation of cargo protein is either an intrinsic ability of the cargo protein,
or it is regulated by other means, but it does not seem to depend on the formation
of sphingolipid- and cholesterol-rich nanodomains by MCS.
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(vi) Although the ratio of molecules that is being recruited for secretion is constant,
the addition of 25-HC dysregulates the preference of cargo recruitment at the MCS
vicinity.

We therefore propose a model in which protein cargo recruitment for secretion at
the TGN by CARTS is regulated upstream of the ER-Golgi MCS, which contradicts
the initial hypothesis we proposed in Wakana et al, JCB (2021).° The amount of
protein that is being recruited is extremely regulated. We suggest that this could be
due to a saturation of the molecular machinery involved the formation of these
protein inhomogeneities. However, ER-Golgi MCS’ lipid transfer function seems to
play a role in the preference of the nucleation of these protein accumulations. MCS
are then also involved in the successive steps of carrier biogenesis, determining
which of these recruited proteins are successfully secreted.

Possible future work would include the simultaneous visualization of both cargo
proteins (PAUF and ss-SNAP), as well as of different cargo proteins, in order to
elucidate whether they localize to the same regions of cargo accumulation or not.
Moreover, this model of cargo recruitment is very much compatible with the
previously described Cab45- and Ca**-dependent nucleation of cargoes. Therefore,
it would be interesting to check whether sorting into CARTS, at least for some
cargoes, depends in this mechanism and whether this Cab45-dependent sorting
mechanism occurs close to the MCS. It is to be noted that a recent publication by
Ramazanov et al. has shown that ER-Golgi MCS play a role in the transient Ca®*
transfer during cargo entry into the TGN, which would support our hypothesis.*’
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Chapter 6

Conclusions and Outlook

In this final chapter we draw some general conclusions of the thesis. The main aim of
this research has been to provide new advanced fluorescence microscopy tools and
to re-evaluate existing ones for a quantitative investigation of intracellular trafficking
processes, particularly protein secretion. This task involved developing methods for
detailed molecular characterization and objective measurements to enhance
understanding and ensure accurate, reproducible results when studying protein
dynamics and interactions within cells. We employed methodologies such as various
fluorescence microscopy techniques, automated image analysis, and biological
methods tailored to the secretory pathway. Our analyses underscore that consistent
sample preparation and data processing are both key factors for accurate results.
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1. CONCLUSIONS

Intracellular trafficking, particularly protein secretion, remains an area with
many open questions and unresolved challenges. At each stage of the
secretory pathway, existing models are continually being tested, and many
processes are still not fully understood. This thesis aimed to provide tools and
evaluate existing ones for a quantitative investigation of these processes using
fluorescence microscopy. Such a quantitative approach offers two main
benefits:

(i) Detailed quantitative characterization of molecular dynamics, interactions,
and spatial distributions, which can help to provide a mechanistic
understanding of the biological process under study.

(it) Objective measurement removes subjective biases and allows for accurate
comparisons between different experiments and conditions.

The set of experimental and analytical tools as well as methodologies
employed in the thesis include (i) different fluorescence microscopy
techniques, that enable a quantitative characterization of the spatio-temporal
dynamics of cellular components; (i) automated image analysis and
quantification algorithms; and (iii) biological methods tailored to the study of
the secretory pathway. The selection criteria for these tools were guided by
three main objectives: (i) achieving the highest spatial and temporal resolution
possible; (i) enabling quantitative and automated analysis for objective and
reproducible outcomes; and, when feasible, (i) allowing for live-cell
characterization of the biological processes under investigation.

The original results of this thesis are delineated in three chapters (Chapters 3-
5). In Chapter 3, we have evaluated results obtained from fluorescence
imaging in an objective and unbiased manner. Similar approaches were used
in four different projects aimed at resolving specific questions in the field of
protein secretion and intracellular trafficking. These projects, conducted in
collaboration with scientists at ICFO and other research institutions, included:
() quantification of the colocalization and proximity of structures recorded in
different fluorescent channels; (ii) measurement of the fluorescent intensity
differences at different cell compartments, and under different experimental
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conditions; and (iij) characterization of the dynamics of different imaged
particles.

We believe that when performing quantifications of microscopy images
obtained by using fluorescence microscopy, several key factors need to be
considered to ensure accurate, unbiased, and reproducible results. For
instance, sample preparation and image acquisitions need to be consistent.
On the image analysis side, one needs to understand how the data have been
obtained, as well as how it has been or can be processed. Otherwise, the
quantifications can lead to artifacts and misinterpretation of the results.
Despite this, we want to highlight the importance of using computational
approaches to extract meaningful quantitative descriptors of the microscopy
data, even when they might appear obvious by eye inspection. Utilizing
computational pipelines can significantly enhance the accuracy and reliability
of the quantifications for many reasons: (i) standardization and consistency,
(i) efficiency and throughput, and (i) allowing for more sophisticated
analyses.

We have highlighted how important this is, especially when acquiring and
analyzing SPT data of molecules in the secretory pathway. Over this thesis, we
tried to be consistent and used these guidelines. In Chapter 4, we have
addressed the challenges associated to performing SPT in the context of the
secretory pathway. We proposed control experiments and identified
parameter descriptors to maximize data quality and quantity while avoiding
artifacts. Our focus included optimization of the protocols involved in labeling
strategies, imaging, and data analysis. We also highlighted the considerations
needed when comparing results with those from other studies, both from
experimental and analytical perspectives. We hope that the experiment
controls and guidelines that we proposed in this work can help get artifact-
free and unbiased results, as well as help extracting more meaningful
information out of SPT data.

Specifically, our work underscored the importance of selecting dyes that
provide the highest brightness and photostability in our set up and specific
experimental conditions. The Janelia dyes, and specially the photoactivatable
dyes PA-JF646 and PA-JF549 have superior fluorescent properties, and
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therefore are being widely used in SPT. In addition, we have shown the
importance of finely tuning the excitation laser power, and the frame rate to
have a good SNR and localization precision, and at the same time being able
to follow the diffusion of the protein of study.

One of the biggest challenges when performing SPT intracellularly is the worse
SNR due to the out-of-focus excitation, as compared to SPT at the plasma
membrane, which limits the density of single molecules in the field of view. To
overcome this, we recommend to use SPT PALM, as it allows for the collection
of more data by the successive photoactivation of new molecules. The second
biggest challenge is the fact that molecules get out of the imaging plane, and
therefore result in shorter trajectories. We addressed this by using a machine
learning algorithm, named STEP, that is able to reliably predict the diffusion
coefficient and the alpha exponent of very short trajectories. STEP provides
the step-wise prediction, allowing to visualize the calculated parameters in
space, in the so-called diffusion maps. The disadvantages associated with this
method are that: (i) it could overfit the training data, leading to poor analysis
of new, unseen data; (ii) the training requires significant computational power
and resources, but once a model is obtained, inference is very fast; (ii}) as it is
common for deep learning algorithms, it is difficult to interpret what the
algorithm actually computes, and it is therefore difficult to identify the origin
or possible biases and artifacts.

Finally, in Chapter 5, we applied all the established methodologies to
characterize protein sorting at the TGN. Our specific goal was to understand
the role of ER-Golgi MCS in the formation of TGN-derived transport carriers.
Using both fixed- and live-cell super resolution fluorescence STED microscopy,
we identified regions of accumulation of cargo at the TGN, adjacent to this
ER-Golgi MCS. This microscopy technique, combined with deconvolution
methods, allowed us to visualize ER-Golgi MCS and the protein cargo
distribution with high resolution. It is to be noted that STED in fixed conditions
provided higher resolution and the possibility to perform 3D imaging (not
shown in this thesis), while live-STED enabled the visualization of the
movement and interactions between the MCS signal and the cargo protein.
However, the temporal resolution of live-STED was limited to the order of
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seconds, with 1 second being the maximum temporal resolution achieved in
videos of up to 30 frames.

Next, we conducted SPT experiments to monitor the dynamics of individual
cargo proteins both within and outside these putative cargo sorting regions.
Through quantitative characterization of the dynamics of different cargo
proteins, we found that many exhibit very confined and slow motion when in
close proximity to the MCS. Interestingly, while the ratio of molecules in these
confined regions remained unchanged, the preferential location of these
regions close to the MCS was inhibited when the ER-Golgi MCS were stabilized
by the lipid transfer blocker 25-HC. Interestingly, the percentage of proteins
within and outside of these cargo accumulations remained unchanged across
different proteins and MCS destabilizing conditions.

We therefore proposed that protein cargo recruitment for secretion at the
TGN by CARTS is regulated upstream of the ER-Golgi MCS, challenging the
initial hypothesis we proposed in Wakana et al., JCB (2021)." The amount of
protein being recruited is highly regulated, possibly due to the saturation of
the molecular machinery involved in forming these protein inhomogeneities.
Additionally, the lipid transfer function of the ER-Golgi MCS appears to
influence the nucleation preference of these protein accumulations.
Consequently, MCS also play a role in the successive steps of carrier
biogenesis, determining which of these recruited proteins are successfully
secreted.

2. FUTURE PERSPECTIVES
Future perspectives for this work could include:

() Further development of the computational pipelines for high-throughput
analysis. Although we have implemented a user interface that allows the SPT
analysis, we have not included the STEP analysis, as the former is developed
in MATLAB and the latter is developed in Python. Seeing the recent
developments in the field of deep learning, which is mostly being performed
in Python, it would be useful to integrate everything into a Python web
interface. Moreover, Python is a free and open source, and therefore more
accessible by definition.
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(i) New biological insights. 1t would be interesting to apply the control
experiments and the analysis described in Chapter 4 to investigate other
aspects in cell biology, not only in the field of intracellular trafficking, but also,
in other cell compartments such as the nucleus and the plasma membrane.
SPT in these compartments will suffer similar challenges, and therefore can
profit from the enhanced experimental conditions and the more sophisticated
analyses.

(iii) Multimodal approaches. Combining fluorescence microscopy with other
techniques, such as electron microscopy or mass spectrometry, to gain
complementary information and a more comprehensive understanding of
cellular mechanisms. In this thesis, we used STED in live and fixed conditions,
which allowed the 2D visualization of the protein distribution, and helped
explain the results obtained with SPT. As another example, in the article by
Obara et al., they performed focused ion beam-scanning electron microscopy
(FIB-SEM) of ER-mitochondria MCS. They identified that the regions of
confinement of the MCS protein VAP-B observed with SPT were of similar size
as the MCS reconstructed from the FIB-SEM images.> We believe that such
techniques that allow the visualization of the intracellular compartments
without fixation are interesting to bring further information for the proposal
of a molecular mechanism.

Regarding the research in the context of the protein sorting at the TGN and
the role of ER-Golgi MCS in this process, we think that future work could
include:

(i) Simultaneous visualization of multiple proteins with SPT: It would involve
visualizing both PAUF-SNAP and ss-SNAP simultaneously to determine if they
localize to the same regions of cargo accumulation. This would help elucidate
whether different cargoes share similar sorting and accumulation mechanisms,
and/or they spatially segregate in different of these Golgi subdomains. A
comparison with other protein cargoes and Golgi-resident proteins could
bring further information and could help define the diffusion properties of
proteins being sorted, as compared to passive diffusion within the Golgi. A
cargo protein that would be interesting to visualize is lysozyme C, as it has
been shown to be sorted into CARTS. It has been shown that it is sorted into
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SM-rich carriers by a Ca**-dependent oligomerization of the protein Cab45.
Therefore, it would be interesting to visualize the distribution of the cargo
lysozyme C, and study a possible relationship with ER-Golgi MCS.

(i) Characterization of basal conditions. In this work we performed
overexpression of PAUF-SNAP and the control ss-SNAP. CRISPR/Cas9 knock
in of the protein tags Halo- or SNAP- could be performed on the gene
encoding PAUF or other proteins of interest. This way, the expression levels
would not be altered, and the experiments would be more similar to
physiological conditions.

(ii) Comparative analysis across different cell types. In this thesis we always
used the cell line Hela. Extending the studies to different cell types show
whether the observed mechanisms are conserved or vary across different
cellular contexts. This could provide a broader understanding of cargo sorting
and its regulation. Specially because it is well known that Hela cells have
several genetic and phenotypic differences from normal human cells,
including aneuploidy and altered gene expression patterns. These differences
can affect the interpretation and relevance of research findings to human
biology.?

(iv) Functional studies on cargo sorting mechanisms. In order to reveal the full
molecular mechanism underlying cargo sorting into CARTS, one should
perform different functional studies. This could include identifying key
proteins and pathways involved in the sorting process, and investigating the
impact of disrupting specific components on cargo sorting and accumulation.
Some interesting research lines could be:

(a) Inhibition of sorting into SM-rich carriers. Over the thesis, we have
seen that there seem to be links between two TGN-derived transport
carrier formation pathways: CARTS and SM-rich carriers. Cab45 and the
Ca®* pump SPCA1 are necessary for sorting of some cargoes such as
lysozyme C into SM-rich carriers.* Crevenna et al. showed that Cab45~/~
cells (i.e. homozygous knock out cells), generated using CRISPR/Cas9,
have a compromised sorting of lysozyme C into SM carriers. It would
be interesting to find out whether the secretion of the CARTS specific
cargo PAUF is also altered in these Cab45 deficient cells.
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(b) Inhibition of fission by PKD2-KD. When PKD-KD is expressed, long
cargo-containing tubes emanating from the TGN extend throughout
the cell, due to an over-elongation of the bud and a fission defect in
CARTS biogenesis.” It would be interesting to either express PDK2-KD
by transient transfection, or alternatively, use a stable line expressing
this defective protein, which shows fission defect after incubation at
20°C. When PKD-KD is expressed, long cargo-containing tubes
emanating from the TGN extend throughout the cell, due to an over-
elongation of the bud and a fission defect. It could be relevant to study
the effect of the stabilization of ER-Golgi MCS.

(c) Ca2+ inhibition of OSBP binding. Malek et al. showed that
cytoplasmic Ca®* can directly interfere in the interaction between OSBP
and PI(4)P at the TGN membranes. Ca’* is released from the ER
through pumps activated by the signaling molecule inositol 1,4,5-
triphosphate (IP3). Exogenous addition of a cell permeable IP;
triggered the unbinding of OSBP from the TGN.® Thus, one could use
this molecule to disrupt OSBP binding, and see in which step of CARTS
formation is OSBP playing a role.

(c) Inhibition of MCS components. Knock down of the key ER-Golgi MCS
components VAP-A, OSBP, and CERT have been performed by Wakana
et al.” Therefore silencing of these molecules could be performed to
study the possible changes in the TGN structure and cargo distribution
with STED in live and fixed conditions.

(v) Identify the changes in the spatiotemporal dynamics in the functional studies.
We have performed SPT in basal conditions for PAUF-SNAP and the control
cargo ss-SNAP. To complement these results, it would be interesting to see
what are the consequences regarding the protein distribution at the TGN after
performing the above-mentioned experiments.

() Inhibition of sorting in SM carriers. One could look at the distribution
of cargo in the Cab457/" cells. An alteration of the distribution of PAUF
at the TGN would indicate that it probably follows a similar sorting
pathway.
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(it) Inhibition of fission by PKD2-KD. As already mentioned, when PKD-
KD is expressed, long cargo-containing tubes emanating from the TGN
extend throughout the cell, due to an over-elongation of the bud and
a fission defect.’ It has been shown that these tubes contain PAUF 2 It
would be interesting to look at the diffusion of these proteins within
the tubes. For instance, one would like to know if these regions of
cargo accumulation are still conserved within the tubes, to find out
whether the regulation of the sorting of the proteins at the TGN is also
upstream of PKD2.

(iit) Ca2+ inhibition of OSBP binding. If ER-Golgi MCS are indeed not
directly involved in the sorting of the cargo proteins, but it is instead
involved in the later steps of the carrier biogenesis, we should still
observe the cargo protein accumulations.

(iv) Inhibition of MCS components. As we have mentioned, it could be
an alternative way to alter the ER-Golgi MCS. However, in this case the
MCS are not stabilized, and it is a more direct way of altering them.

(v) Interaction studies. In order to identify new interacting partners involved in

the recruitment and sorting of the cargo proteins into CARTS, techniques like

FRET (Forster Resonance Energy Transfer) would help study interactions

between cargo proteins, Cab45, and other proteins.
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