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Preface

The envious billows sidelong swell to whelm my track; let them; but
first I pass (Captain Ahab; Moby Dick)

The essential function of the secretory proteins is to sense the environment and to drive the
correct development of monocellular and, especially, pluricellular organisms. These poly-
peptides mediate fundamental processes in all the living organisms, such as cell-to-cell com-
munication, defense response, and many others. Protein secretion is essentially achieved by
two mechanisms. In the classic secretory pathway, proteins travel from the endoplasmic
reticulum (ER), where they are inserted thanks to an amino acidic N-terminal signal pep-
tide (SP) sequence, through the Golgi apparatus and finally reach the extracellular space or
the lysosome/vacuole. Alongside this well-characterized route, an unconventional protein
secretion (UPS) has been described which incorporates all the mechanisms that do not fol-
low the “classical way.” UPS has grown in importance in cell biology studies due to the
increasing number of SP lacking proteins (leaderless proteins, LSPs) recovered in the extra-
cellular space of many organisms. Even though some mechanisms that underlie this type of
protein traffic have already been described, there is still much to be discovered and probably
many new routes will be described in the next future. This book has the purpose to present
the relevant background and methodologies nowadays available for UPS study. It has been
thought and written with the aim to explore the latest techniques and protocols that have
been successfully applied for UPS analysis in different laboratories around the world.
Detailed chapters include an overview of conventional and unconventional secretory path-
ways along with multidisciplinary approaches and methods used for UPS analysis in differ-
ent organisms. This book will be useful for all the researchers interested in the secretory
pathway field as well as for studies in cell biology, cell development, biomedical research,
and healthcare.

Perugin, Italy Andrea Pompa
Francesca De Marchis
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Chapter 1

ER to Golgi-Dependent Protein Secretion:
The Conventional Pathway

Corrado Viotti

Abstract

Secretion is the cellular process present in every organism that delivers soluble proteins and cargoes to the
extracellular space. In eukaryotes, conventional protein secretion (CPS) is the trafficking route that secre-
tory proteins undertake when are transported from the endoplasmic reticulum (ER) to the Golgi apparatus
(GA), and subsequently to the plasma membrane (PM) via secretory vesicles or secretory granules. This
book chapter recalls the fundamental steps in cell biology research contributing to the elucidation of CPS;
it describes the most prominent examples of conventionally secreted proteins in eukaryotic cells and the
molecular mechanisms necessary to regulate each step of this process.

Key words ER, Ribosome, SRP, Translocon, COPII, COPI, SNARE, Golgi, TGN, Secretory
vesicles, Secretory granules, Plasma membrane, Regulated secretion

1 Introduction

Cell secretion is a fundamental physiological process present both
in prokaryotes and eukaryotes that delivers soluble proteins and
cargoes to the outside. The need to expel substances to the extra-
cellular space is instructive for a multitude of purposes: growth,
cell homeostasis, cytokinesis, defense, structural maintenance,
hormone release, and neurotransmission among others. While
prokaryotic cells excrete cellular waste and other substances
through translocons localized to the limiting cell membranes and
secrete effector molecules to other cells through dedicated organs
[1], eukaryotes rely on different cellular mechanisms. Eukaryotic
cells not only have the characteristic of enclosing the genetic
information into a specialized compartment (the nucleus), but
they also have the peculiarity of carrying several different organ-
elles across the cytoplasm which are functionally interconnected
via a multitude of transport routes that constitute the secretory
pathway. Selective cargo transport among compartments is medi-
ated by different vesicular carriers that bud from a donor

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_1, © Springer Science+Business Media New York 2016
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4 Corrado Viotti

membrane and fuse with another [2]. Both soluble cargoes and
membrane proteins are firstly translocated in the endoplasmic
reticulum (ER) from where they are transported either to other
organelles or secreted to the extracellular space [3, 4]. When we
focus on the latter case, the best characterized mechanism of
transport in eukaryotes is the conventional protein secretion
(CPS): the transport route that delivers proteins from the ER to
the Golgi apparatus (GA), then to the trans-Golgi network
(TGN), and subsequently to the plasma membrane (PM). The
TGN is the organelle where proteins destined to be secreted are
segregated from lysosomal /vacuolar enzymes and sorted in bud-
ding secretory vesicles or secretory granules [5]. When secretory
vesicles and granules are released from the tubular elements of the
TGN, they are transported at different rates along the cytoskeletal
filaments and across the cytoplasm toward the plasma membrane
with which they fuse, discharging their content to the outside.
Importantly, integral PM proteins are delivered and integrated to
the plasma membrane through membrane fusion by the same traf-
ficking route. Secretory vesicles and secretory granules are distinct
vesicular carriers employed in constitutive and regulated secre-
tion, respectively. While constitutive secretion is constantly under-
going in every eukaryotic cell, regulated secretion is additionally
present in special types of animal cells only (e.g., endocrine and
exocrine cells, neurons), and it is exclusively triggered by extracel-
lular stimuli [5, 6]. Both constitutive and regulated secretion are
included in the CPS, and for both these types of secretion the
ER-Golgi-TGN segment of the transport route is identical
(Fig. 1). Although individual steps of CPS show a certain degree
of variability among different organisms, the basic mechanisms
hold true in every eukaryotic cell. The discovery of major princi-
ples of cell secretion started in the 1950s.

2 Conventional Protein Secretion: A Historic Perspective

The elucidation of cell secretion has been paved between the
1940s and 1950s, when major advances in electron microscopy
were accomplished by Keith Porter, Albert Claude, and George
Palade at the Rockefeller University. The discovery of the endo-
plasmic reticulum (initially called “lace-like reticulum™) in culture
cells from chicken embryos [7], and the evidence that in cells syn-
thesizing secretory proteins the majority of the ribosomes is
attached to the ER membrane [8, 9], led George Palade to set
crucial experiments to investigate the meaning of the ER-ribosome
interaction. In an elegant combination of biochemistry, cell frac-
tionation, and electron microscopy Palade and Philip Siekevitz
showed that the microsomal fraction isolated from liver or pancre-
atic cells is almost homogeneously composed of ribosome-bound
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Fig. 1 Schematic representation of conventional protein secretion in eukaryotes. Secretory proteins are trans-
located in the ER upon (1) signal sequence recognition by the signal recognition particle (SRP); (2) SRP interac-
tion with its receptor SR; and (3) transport through the translocon and into the ER lumen. In the ER, the signal
sequence is cleaved off, and proteins are folded by molecular chaperons (not shown), and packed in COPII
vesicles upon receptor-ligand interaction. COPII vesicles are delivered to the ERGIC (in animals) or to the cis-
Golgi (in yeasts and plants). Escaped ER luminal proteins are retrotransported from the ERGIC or from the
cis-Golgi to the ER via COPI vesicles. PM proteins and secreted proteins are transported via cisternal matura-
tion to the TGN, whereas integral Golgi proteins are retrieved via intra-Golgi COPI-mediated transport, although
another model has been proposed. At the TGN, proteins destined to be secreted are sorted in secretory vesicles
(SVs) or immature secretory granules (ISGs). SVs are constitutively delivered toward the PM, whereas ISGs
accumulate in the cytoplasm. Upon the arrival of specific stimuli, ISGs form mature secretory granules (MSGs)
that are transported to the PM
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ER-membrane vesicles [10, 11]. Because Palade recognized that
exocrine pancreatic cells of guinea pig contain an exceptionally
developed network of ER membranes and produce massive
amounts of digestive enzymes at the same time, this system was
used for following key experiments in which Palade and Siekevitz
demonstrated that the ribosomes are the exclusive site of protein
synthesis [12, 13]. Soon after, performing in vivo labeling with
radioactive C'*-leucine to track the subcellular localization of
newly synthesized digestive enzymes, Palade and Siekevitz showed
that the pancreatic enzyme chymotrypsin is primarily detected in
the microsomal fraction and synthesized by ER-bound ribosomes
[14, 15]. These results led Palade to hypothesize that nascent
polypeptide chains are driven across the ER-limiting membrane
and into its lumen, which was demonstrated few years later by
Palade, Siekevitz, and Colvin Redman using a microsomal fraction
prepared from pigeon pancreas. Using radioactive amino acids,
they analyzed the subcellular localization of the secreted enzyme
amylase, which was initially associated with the ER-bound ribo-
somes. After longer incubation, microsomes were treated with
sodium deoxycholate (a compound capable to solubilize mem-
branes) and labeled amylase was detected in the soluble fraction,
demonstrating that the newly synthesized enzyme was transported
from the ribosomes into the microsomal lumen [16]. Similar
results were obtained by Redman and David Sabatini using hepatic
microsomes where secretory proteins were released upon puro-
mycin treatment [17], and thus the rough ER (RER) was ascer-
tained to be the site of secretory protein synthesis.

The functional link between the RER and the Golgi apparatus
within the secretory pathway was demonstrated during the same
years by Palade, Lucien Caro, and James Jamieson by using elec-
tron microscopic autoradiography and innovative pulse-chase
experiments. These methods allowed the scientists to track in time
and follow within cells the whole transport route of secretory pro-
teins. The autoradiographic images obtained by intravenous injec-
tions of H¥*leucine showed that after ~5 minutes the labeling was
localized mostly to the endoplasmic reticulum, at ~20 minutes in
the elements of the Golgi complex, and after one hour in the
zymogen granules [18]. Moreover, the data highlighted that the
zymogen granules were formed in the Golgi region by a progres-
sive concentration of secretory products [18]. In order to better
define the role of the Golgi and its surrounding vesicular elements,
Palade and Jamieson used pancreatic tissue slices incubated in vitro
that allowed shorter pulse labeling and a better resolution with
respect to the in vivo situation. By using isopycnic centrifugation
in a linear sucrose density gradient smooth-surfaced microsomes
(representing mostly the peripheral, vesicular elements of the Golgi
complex) and zymogen granules were separated from the rough
microsomes (consisting of RER membranes). Labeled proteins
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appeared initially in the rough microsomes, but shortly after they
were more abundantly detected to the smooth ones, reaching the
peak of concentration in this fraction after 7 minutes chase incuba-
tion. Moreover, after 17 and 37 minutes the zymogen granules
were half maximally and maximally labeled, respectively [19-21].
These results not only provided the first indication that vesicles
could have been the shuttling elements responsible for intracellular
trafficking among compartments, they additionally proved that the
Golgi apparatus (discovered in 1898 by Camillo Golgi) was an
authentic cell organelle, and not just an artifact produced by cell
fixation (an issue discussed at length at the time [22]), having a
specific role in cell secretion. Thus, the major cellular structures
involved in this process had been finally related to specific cellular
functions, although the biochemical and molecular mechanisms
underlying the individual steps where still unknown.

In 1971 Giinter Blobel and David Sabatini postulated that
protein translocation in the ER lumen was dependent on the pres-
ence of a specific amino acid sequence at the amino-terminal por-
tion of the nascent polypeptide chain. They also speculated that
the putative “signal sequence” would have been capable to recruit
a “binding factor” able to guide the ribosome to the ER mem-
brane [23]. Intriguing results were obtained in 1972 by the labo-
ratories of Philip Leder and Cesar Milstein using cell-free translation
systems producing immunoglobulin light chains that were 6-8
amino acids longer than the normal secreted version [24, 25],
leading to hypothesizing the cleavage of the putative signal
sequence after translation. The final proof of the existence of the
signal sequence (or “signal peptide”) was provided few years later
by Giinter Blobel and Bernhard Dobberstein. Rough microsomes
isolated from canine pancreatic cells were added to a cell-free
protein-synthesizing mixture supplemented by exogenous mRNA
of the immunoglobulin light chain. Subsequently, ribosomes were
detached from the ER membranes with a detergent and collected.
The isolated ribosomes, carrying unfinished proteins, were trans-
ferred in a suitable media where they resumed synthesis of inter-
rupted polypeptide chains without starting new rounds of
translation due to the presence of aurintricarboxylic acid (an inhib-
itor of initiation but not elongation of polypeptide synthesis).
Initially the shorter, processed chains appeared, resulting from the
completion of peptides in advanced stages of translation. However,
few minutes later the in vitro-synthesizing system completed lon-
ger chains too, demonstrating that the enzyme responsible for the
cleavage of the signal sequence resides in the ER [26]. When rough
microsomes, producing only the short version of the protein, were
treated with the proteolytic enzymes trypsin and chymotrypsin
(which rarely enter the microsomes) the polypeptide chains were
not digested, confirming that the newly synthesized secretory pro-
teins are immediately sequestered and driven into the microsomal
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lumen when translation starts. Instead, when the in vitro system
was set to produce the non-secreted protein globin the digestion
with trypsin and chymotrypsin occurred, indicating that this pro-
tein did not slip into the microsomes [27]. Moreover, when unpro-
cessed light chains were added after the microsomes, they did not
lose the signal sequence, demonstrating that its removal occurs
during translation and not afterwards [27]. These studies showed
that secretory protein precursors enclose the information for their
own translocation across the ER membrane.

Since translocation across lipid bilayers was abolished by
extracting the microsomal membranes with high-ionic-strength
buffers, and it was rescued by adding back the salt extract [28], it
became clear that there was a cytosolic component playing a crucial
role in the process of protein translocation. In 1980 the signal rec-
ognition particle (SRP) was discovered by Giinter Blobel and Peter
Walter from canine pancreatic cell microsomes. SRP, initially
named “signal recognition protein,” was purified from the salt
extract using hydrophobic chromatography SDS-gel electrophore-
sis revealed that SRP is a multimeric complex formed by six sub-
units of 9, 14, 19, 54, 68, and 72 kDa, respectively [29 ]. Moreover,
SRP was shown to selectively associate with ribosomes engaged in
the synthesis of secretory proteins [ 30, 31]. The association occurs
through the binding of the 54 kDa subunit to the signal peptide
(typically 7-12 hydrophobic amino acids) of nascent polypeptide
chains emerging from the ribosome, which causes temporary arrest
of translation [32-37]. In addition to the six different polypeptide
components, SRP contains a 7S RNA molecule required for both
structural and functional properties, that also represents the back-
bone to which the six subunits associate [ 38]. Thus, SRP was rec-
ognized to be a ribonucleoprotein (RNP) and was therefore
renamed “signal recognition particle” [38].

The ribosome attachment to the ER membrane is mediated by
the interaction between SRP and an integral ER-membrane pro-
tein, the SRP-receptor (SR), first found by Bernhard Dobberstein
and David Meyer the same year of SRP discovery (i.e., 1980).
Initially the cytosolic portion of SR was identified [39, 40]; after-
wards the protein was intracellularly localized in vivo with a specific
antibody via immunofluorescence [41], and the apparent full size
determined to be 72 kDa [41-44]. Few years later, it was shown
that SR actually consists of two subunits, the previously identified
SRa of 72 kDa and SR of 30 kDa [45]. The interaction between
SRP and SR is GTP dependent, and both SRP and SR are dis-
placed from the ribosome upon GTP hydrolysis. GTP hydrolysis is
additionally required by the ribosome for chain elongation, but
not for the polypeptide movement across the ER membrane.
Remarkably, the SRP-dependent mechanism of protein targeting is
present in all three kingdoms of life. Homologues of SRP and SR
have been found also in prokaryotes, where they mediate protein



Conventional Secretion in Eukaryotes 9

secretion to the periplasmic space through the translocons localized
to the inner membrane [46—49].

The vectorial transfer of secretory proteins into the ER lumen
can proceed as a consequence of the positional shift of ribosomes
on dedicated ER membrane sites [46, 50-52]. The existence of
specific locations (“aqueous channels”) on the ER membrane
through which secretory proteins enter the ER was already postu-
lated in 1975 by Blobel and Dobberstein [26]. In a review of 1986,
about the mechanism of protein translocation across the ER mem-
brane, Walter and Lingappa coined the term “translocon” to iden-
tify the sites where polypeptide chains would have crossed the ER
membrane to gain access to the lumen [53]. The existence of pro-
tein-conducting channels in the ER membrane was demonstrated
by electrophysiological techniques. Rough microsomal vesicles
were fused on one side (cis) of a planar lipid bilayer separating two
aqueous chambers. At low puromycin concentration, single chan-
nels with a conductance of 220 picosiemens (pS) were observed.
Increasing amounts of puromycin added to the cis side caused a
large increase of membrane conductance, until it was abolished
when salt concentration reached levels at which ribosomes detach
from the vesicles, demonstrating that the ribosome attachment is
required for the channel opening [54, 55]. The proteins that form
the translocon were identified by photocross-linking using photo-
reactive probes that were incorporated into nascent polypeptide
chains of various lengths. The chains were synthesized by an
in vitro translation system supplemented with truncated mRNAs.
Upon photolysis, the nascent chain was photocross-linked to spe-
cific ER membrane proteins adjacent to the nascent chain through-
out translocation [56-59]. Afterwards, the translocon components
that formed photoadducts with nascent chains were purified,
reconstituted into proteoliposomes, and shown to execute the
transfer [60-63].

3 Protein Translocation in the Endoplasmic Reticulum

The channel of the translocon is formed by the Sec61 complex,
consisting of the heterotrimer Sec6la, Sec61p, and Sec6ly in
mammals [62, 63]. The prefix “Sec” was chosen because the first
isolated component Sec6la is homologous to the budding yeast
Saccharomyces cevevisine Sec61p protein, which was identified in a
previous screening for secretory mutants that led to the isolation of
23 fundamental genes of the secretory pathway [64, 65]. The a-
and y-subunits are highly conserved, and both are essential for the
function of the channel and for cell viability, whereas the f-subunit
is dispensable. The Sec61 complex is the essential element for
protein translocation, and the a-subunit alone forms the pore [63].
The same holds true in yeast, where the homologous components
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of the Sec61 complex are Sec61p, Sbhlp, and Ssslp [66], and in
prokaryotes, where the bacterial heterotrimeric translocation pore
complex (subunits SecY, SecE, and SecG) of plasma membrane
translocons mediates secretion of different substances to the
periplasmic space [67, 68]. Several integral ER membrane proteins
can associate to the Sec6l complex to perform translocation,
although the function of some of them is not fully clarified. In
mammals, the associated proteins that mediate translocation are:
(a) the translocation-associated membrane protein (TRAM)
[61]; (b) the translocon-associated protein complex TRAP, a
heterotetramer consisting of subunits a, B, v, 8 [62, 69]; (¢) the
oligosaccharyl transferase complex (OST), responsible for
N-glycosylation in the ER, whose core complex is a heterotetramer
formed by ribophorin 1 (66 kDa), ribophorin II (63/64 kDa),
OST48 (48 kDa), and DAD1 (10 kDa) [70-72]; (d) the signal
peptidase complex (SPC), responsible for the cleavage of the signal
sequence in the ER lumen, consisting of five subunits, whose
names SPC12, SPC18, SPC21, SPC22 /23, and SPC25 indicate
the respective molecular size [73]; and (¢) the Sec62/Sec63
complex [74, 75]. As well as in mammals, the function of Sec61,
OST, and SP complexes has been well characterized in yeast [66,
76, 77]. Depending on which associated components work in
concert with the Sec6l complex, two different mechanisms of
protein translocation in eukaryotes occur: co- or post-translationally.
The co-translational mechanism is present in all cell types and
occurs both for soluble and membrane proteins. The targeting
phase requires the interaction of SRP with the signal sequence of a
nascent polypeptide chain. Subsequently, the interaction between
SRP and SR mediates the ribosome-channel alignment. During
translocation of membrane proteins, specific polypeptide sequences
do not enter the channel, but protrude from the ribosome-channel
junction into the cytosol, generating a cytosolic domain [78]. In
several, if not all organisms, some proteins are translocated after
completion of their synthesis, therefore “post-translationally,” and
they are not completely folded after their release from the ribosome
[79]. Post-translational translocation is more frequently occurring
in simpler organisms like bacteria and yeast. In S. cerevisiae the
heterotetrameric Sec62 /Sec63 complex specifically mediates post-
translational translocation in concert with the cytosolic chaperon
Hsp70, the Sec61 complex, and the luminal chaperone Kar2p/BiP
inan ATP-dependent manner [79-84 ], Instead, the co-translational
mechanism requires the function of the Sec61 complex only and it
isinstead GTP dependent [85]. Although in mammals translocation
seems to occur preferentially co-translationally [85, 86], posttrans-
lational mechanisms have been shown for specific kinds of proteins.
In fact, the SRP-dependent pathway, although ubiquitous, is
inaccessible for those proteins carrying a single transmembrane
domain (TMD) on their C-terminal portion, because they are
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released from the ribosome before the TMD emerges from the
ribosomal tunnel. These peptides, called tail-anchored proteins
(TA), are involved in a wide range of cellular processes and include
the SNAREs (involved in vesicular traffic), several translocon
components, structural Golgi proteins, and enzymes located in
almost every membrane. Thus, TAs are inserted in the ER
membrane post-translationally both in higher eukaryotes and
yeast. Cross-linking experiments revealed that the cytosolic TMD
recognition complex TRC40 (previously known as Asna-1)
interacts post-translationally with TAs in a TMD-dependent
manner and mediates their targeting to the ER membrane [87,
88]. A conserved three-protein complex composed of Bat3,
TRC35, and Ubl4A facilitates the TA protein capture by TRC40
[90]. Homologues of TRC40 are conserved in many species,
including S. cerevisine where it is termed Get3 [90]. TRC40
delivers TAs to an ER receptor composed of the tryptophan-rich
basic protein (WRB) [91] and the calcium-modulating cyclophilin
ligand (CAML) [92], mammalian equivalents of the yeast
components Getl and Get2, respectively [86, 93].

4 The COPII-Mediated ER Exit

Nascent secretory and membrane proteins are translocated or
inserted at the ER, eventually glycosylated, and then folded
through the action of a multitude of molecular chaperons and
cofactors that ensure conformation quality and fidelity. When the
protein-folding capacity of the ER is unable to sustain a sufficient
rate of folding, the accumulation of misfolded proteins triggers a
multitude of signaling pathways collectively termed unfolded pro-
tein response (UPR) that increases the folding capacity. However,
when problems persist, misfolded polypeptides are degraded
through the action of the ER-associated degradation (ERAD)
pathway, and the mutated and/or misfolded proteins are retro-
translocated to the cytosol to be degraded by the 26S proteasome
machinery [94, 95].

When membrane and soluble proteins reach the correct con-
formation and are not ER-resident proteins, they exit the ER. In
all eukaryotic cells, the best characterized mechanism of ER exit is
the COPII-mediated transport, whose components were all identi-
fied after a screening for yeast secretory mutants [64]. The coat
protein complex IT (COPII) assembles on specific locations of the
ER membrane, called ER-exit sites (ERES), from which COPII-
coated vesicles bud off [96]. ERES are also known as transitional
clements (TEs) or transitional ER (tER). The number, size, and
dynamics of ERES vary among cell types and organisms; however,
these organized export sites are present in most eukaryotic cells
[97]. The assembly of COPII starts with the recruitment of the
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cytosolic small GTPase Sarl (secretion-associated RAS-related 1)
to the ER membrane [98, 99], where it is activated through the
action of the guanine nucleotide exchange factor (GEF) Secl2, an
integral ER membrane protein that catalyzes GDP/GTP exchange
[100, 101]. An activated, GTP-bound Sarl inserts its N-terminal
helix into the ER membrane, inducing initial membrane curvature
[102-104] alongside with the recruitment of the cytosolic Sec23/
Sec24 heterodimer [105]. The Sarl-Sec23-Sec24 complex is rec-
ognized and bound by the Secl3/Sec31 heterotetramer, which
forms the outer layer ofthe COPII cage [ 106-109]. Transmembrane
cargo proteins are recognized and bound by Sec24, whereas solu-
ble cargoes bind specific receptors that span the ER membrane.
Multiple adjacent Secl3/Sec31 subcomplexes drive membrane
bending and vesicle fission using the energy of GTP hydrolysis
[110, 111]. Sec23 serves as a bridge between Sarl and Sec24 and
is a GTPase-activating protein (GAP) that stimulates Sarl GTP
hydrolysis [99], which is additionally needed for vesicle uncoating
after release [111]. There is evidence that Sec31 interacts directly
with Sarl to promote Sec23 GAP activity [112]. In addition to the
six core COPII components, Secl6 is involved in ERES mainte-
nance and COPII-mediated ER export. Secl6 localizes to the
ERES independent of Sec23,/24 and Secl3/31, and its localiza-
tion depends on Sarl activity [113]. Sec16 has been shown to bind
several COPII components and seems to serve as scatfold protein
that concentrates, organizes, and stabilizes COPII proteins [114—
116]. However, the precise Secl6 function is still not fully
understood.

Since most COPII subunits have one or more paralogues
[117], and since COPII transport is assisted by several different
accessory proteins (e.g., 14-3-3, PX-RICS, Deshavelled) depend-
ing on the cell type [118-121], the result is a high number of
molecularly different COPII-coated vesicles with tissue specificities
and selectivity for different cargo molecules. The number and size
of ERES, together with the expression levels of COPII compo-
nents, may play a major role in the secretion rate in different tis-
sues. One of the biggest open questions regarding COPII-mediated
transport is how large-sized cargoes can be lodged inside vesicles
which are typically of 60-100 nm in diameter. Procollagen fibrils
(PC), composed of rigid triple helices of up to 400 nm in length,
represent one of the most abundant secreted cargoes in animal
cells, since collagen composes approximately 25 % of the whole-body
protein content, and is fundamental for almost all cell-cell interac-
tions [ 122]. There are several lines of evidence indicating that col-
lagen secretion is COPII dependent. Depletion of Secl3 [123],
disruption of Sec24D [124], mutation of Sec23A [125], loss-of-
function of the Sedlin gene (a TRAPPI complex component inter-
acting with Sarl at the ER-Golgi interface) [126], and depletion of
SarlA and SarlB [127] all block collagen secretion, leading to
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severe diseases. Cryomicroscopical data suggest a significant level
of flexibility of the COPII cage, which in vitro can assemble on
flatter membranes, forming larger cages that could accommodate
procollagen fibrils [128, 129]. Recently, a potential mechanism for
giant COPII-carriers biogenesis has been proposed, which involves
TANGOI-mediated packing. TANGO1 /Mia3 is a transmembrane
protein identified from a screening for secretory mutants in
Drosophila S2 cells, and shown to localize to early Golgi cisternae
and to the ERES [130, 131]. Knockdown of TANGOI1 with
siRNA severely inhibits ER export of PC VII. TANGO]1 interacts
with Sec23A and Sec24C through its cytoplasmic proline-rich
domain (PRD), and binds PC VII via its luminal SH3 domain
[132]. cTAGES is the partner of TANGO1 in PC VII secretion; it
is anchored to the ERES and interacts via its PRD with Sec23A,
Sec24C, and Secl2 [133, 134]. Cullin3 (an E3 ligase), and its
specific adaptor protein KLHL12, ubiquitinates SEC31. In mouse
embryonic fibroblasts, Cul3 knockdown inhibits collagen IV secre-
tion, and overexpression of KLHL12 increases secretion of PC I'in
the human fibroblast cell line IMR-90. The model proposes that
TANGO1-cTAGE5 pack collagens in ERES enriched with
Sec23/24 to the inner coat shell, and Cul3-KLHLI12 mediate the
assembly of a large outer layer composed of Secl3/31-ubiquitin.
The final result would be the formation of a giant COPII-carrier
carrier for procollagen export from the ER [122]. However, the
evidence that TANGOI interacts with the conserved syntaxin
5-binding protein Slyl, which in turn interacts with the ER-specific
t-SNARESs syntaxin-17 and syntaxin-18 (involved in membrane
fusion), leads to formulate a second hypothesis: a membrane
domain of the ERGIC (ER-Golgi-intermediate compartment)
could be recruited to the ERES, and the resulting fusion would
promote the elongation of the PC VII-enriched domain into a
tubular uncoated bud, while the TANGOI1-cTAGE5-Secl2-
Sec23 /24 complex would remain at the neck [122].

5 The ER-Golgi Interface and COPI Vesicles

Passive incorporation of soluble cargoes into COPII vesicles can
occur [135-138], whereas membrane proteins and receptors
require diacidic or dihydrophobic motifs in their cytosolic domains
for efficient transport through the interaction with multiple bind-
ing sites of Sec24 [139-142]. It is still unclear in mammals whether
COPII vesicles are transported to the ERGIC along microtubules
(from the plus- to minus-end), since contrasting results have been
so far collected [117]. The directionality and fidelity of COPII
vesicle transport and fusion with either the ERGIC or the cis-Golgi
(depending on the organism) are mediated by the concerted action
of RAB GTPases, tethering factors, and integral membrane SNARE
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proteins. In mammalian cells, RAB1 and the tethering factors
pll5, GM130, GRASP65, and the TRAPPI complex orchestrate
the tethering [143-150]. TRAPPI-mediated RABI activation
recruits pl15, generating a localized signal to tether COPII vesi-
cles, and TRAPPI binds directly Sec23 [151, 152]. Fusion of
COPII-tethered vesicles depends on a set of four SNAREs: syn-
taxin-5, membrin/GS27, BET1, and Sec22B [153-155].
Additionally, the syntaxin 5-binding protein Slyl is required for
this vesicle fusion step [156] and may serve to coordinate the ves-
icle tethering and fusion. All fusion events between membranes
require the correct pairing of specific cognate SNAREs on the ves-
icle surface and on the acceptor membrane. SNAREs (soluble
N-ethylmaleimide-sensitive factor adaptor protein receptors) are
tail-anchored proteins that contain a conserved membrane-proxi-
mal heptad repeat sequence known as the SNARE motif. The
trans-assembly of motifs into a four-helix bundle drives the fusion
between lipid bilayers [157-161]. In mammals, COPII vesicles
reach first the ER-Golgi-intermediate compartment (ERGIC),
alternatively termed vesicular tubular cluster (VI'C), which is a dis-
tinct organelle respect to the Golgi and is absent in yeasts and
plants [97]. While in animal cells the Golgi apparatus is a relatively
stationary organelle, in plant cells the Golgi is instead highly mobile
and moves with a speed of up to 4 pm/sec. [162]. Golgi stacks in
plant cells move extensively along both the ER tubules and actin
filaments (which are aligned to each other) throughout the cyto-
plasm. The movement relies on actomyosin motors, and displays a
distinctive stop-and-go pace [162-167]. The plant ER-Golgi
interface is spatially reduced (around 500 nm), and the two com-
partments are tightly coupled, as demonstrated by using optical
tweezers [168]. The plant Golgi receives budding COPII vesicles
from the ERES in a cytoskeleton-independent manner [169]
within the so called secretory unit model, in which the two com-
partments are embedded in a ribosome-free surrounding matrix
[170-174]. While plant COPI vesicles (the retrograde Golgi-
to-ER carrier) have been biochemically isolated and localized in
situ [175], visualization of COPII in plant tissues is rare (although
observed) even when ultra-rapid cryofixing techniques are
employed [170, 176-178]. Thus, it is a matter of debate whether
COPII-mediated transport in higher plants can additionally occur
via coated-tubular connections [179].

COPI mediates retrograde transport of receptors and soluble
proteins from the c¢is-Golgi (from the ERGIC in mammals) back to
the ER along microtubules. The coat protein complex I (COPI),
or “coatomer,” is a heptameric (o, B, p’, g, 9, €, {) complex, where
the y-COP, 8-COP, ¢ -COP, and pB-COP subunits constitute the
inner coat layer, and a-COP, f-COP, and e-COP form the outer
shell [180-182]. Upon activation by ADP-ribosylation factor gua-
nine nucleotide exchange factors (ARF-GEFs), the myristoylated
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membrane-anchored ARF1 GTPase recruits the COPI subunits to
the Golgi membranes [183, 184]. Subunits a-COP, p’-COP,
vy-COP, and §-COP recognize sorting motifs on the cytosolic
domain of membrane cargoes and mediate the load of soluble pro-
teins into nascent COPI vesicles. ARF GTPase-activating proteins
(GAPs) bind cytoplasmic signals on cargo proteins, y-COP,
p’-COP, and ARF1. Stimulation of the GTPase activity of ARF1 by
GAPs leads to the release of ARF1 from the complex and to the
dissociation of GAPs and the coat subunits [185]. COPI vesicles
deliver ER receptors (recycled for new rounds of transport) and
luminal ER proteins that escape through bulk flow via COPII ves-
icles. Luminal ER proteins classically carry a KDEL motif (in ani-
mals and yeast) or an HDEL motif (in plants) within their
C-terminal domain, which represent the retrograde sorting signals
recognized by dedicated Golgi receptors (Erd2 in yeast and plants;
KDELRs in mammals). Targeting of COPI vesicles to the ER
requires the multisubunit DSL1 tethering complex, and the
SNARE proteins syntaxin-18, Sec20, Sltl, and Sec22B [186, 187].

6 The Golgi Apparatus, the TGN, and the Rab GTPase-Mediated Secretory Vesicle
Formation

In most eukaryotes the Golgi apparatus (or Golgi complex) con-
sists of a series of stacked cisternae, with a cis to trans polar ori-
entation. The cisternae are kept adjacent by structural proteins
present in the surrounding ribosome-free matrix [188], and by
heterotypic tubular connections [189, 190]. In mammals the
Golgi includes 4-8 cisternae, each of them 0.7-1.1 pm wide and
10-20 nm thick. Multiple Golgi stacks can be laterally intercon-
nected by tubules, forming the so-called Golgi ribbon. In several
lower eukaryotes, like the budding yeasts S. cerevisiae and Pichia
pastoris, or in the fruit fly Drosophila melanggaster, the Golgi is
formed by individual cisternae scattered throughout the cyto-
plasm, which can occasionally associate but do not form stacks,
although polar features are maintained [188]. Single stacks are
present both in higher plants (e.g., Arabidopsis thaliana, tobacco),
and algae (e.g., Chlamydomonas reinhardtii). Depending on the
enrichment of specific enzymes, three major regions can be rec-
ognized within one Golgi complex: cis, medial, and trans [188].
Juxtaposed to the Golgi trams-most cistemae, a pleiomorphic,
tubular-vesicular compartment is present: the trans-Golgi-net-
work (TGN) [191, 192]. In plant cells the TGN has been shown
to additionally hold the role of early endosome (EE, the first
compartment reached by endocytosed molecules) [193-195],
whereas in animals the TGN and EE are distinct compartments.
Two models have been proposed for secretory protein transport
through the Golgi complex: (1) anterograde COPI-vesicular
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transport between stable cisternae; and (2) cisternal progression/
maturation [196]. Detection of cargoes and bidirectional trans-
port by distinct populations for COPI vesicles support the first
scenario [ 196]; however, exclusive retrograde transport for COPI
is supported by the detection of the KDEL receptor, resident
Golgi proteins, and glycosylation enzymes. The cisternal matura-
tion model is currently preferred because, among other reasons,
it explains how transport of large cargoes is achieved [196]. In
this view, the cisternae continuously mature from cis-to-trans,
and secretory proteins are transported along the anterograde
flow, and up to the TGN. The anterograde maturation is the net
result from COPII vesicle entry and secretory vesicles exit on the
respective cis and trans sides. Homotypic fusion of COPII vesi-
cles gives rise to newly formed cis-cisternae, while the trans-most
cisternac mature into a TGN. Intra-Golgi retrieval of integral
Golgi proteins from older to younger cisternae occurs via COPI
vesicles and through the heterotypic tubular connections. The
Golgi is the organelle where glycosylation of soluble cargoes,
membrane proteins, and lipids is completed, and where polysac-
charide synthesis occurs. The cis-to-trans polarity in the distribu-
tion of Golgi glycosylation enzymes was discovered by
cytochemical staining based on different enzymatic activity
among cisternae, and it reflects the sequence of oligosaccharide
processing reactions [ 188, 196, 197].

At the TGN, proteins are sorted toward three different desti-
nations: PM, endosomes, and lytic compartments. These traffick-
ing routes differ in terms of adaptors, effector molecules, and
sorting signals involved. Formation of secretory vesicles delivered
to the PM is GTP dependent, requires either ARF GTPases or
Rab GTPases, and may be mediated by clustering of specific lipids
on TGN subdomains. However, the molecular mechanisms and
the sorting signals for TGN-to-PM delivery are far less under-
stood in comparison to COPII-; COPI- and clathrin-mediated
vesicle transports.

The heterotetrameric adaptor protein complexes (APs) are the
most well-characterized cargo adaptors at the TGN. Five APs have
been identified in higher eukaryotes, and three of them (AP-1,
AP-3, and AP-4) sort proteins at the TGN. APs bind membrane
cargoes and receptors via their p subunit, and contribute to form
coated carriers. AP-1 and AP-3 interact with clathrin, whereas
AP-4 does not [198]. While AP-3 is involved in lysosomal /vacu-
olar sorting and traffic, AP-1 and AP-4 mediate polar transport of
basolateral-located proteins in epithelial cells [ 199, 200], and both
AP-1 and AP-4 require the function of ARF1. The PM of epithelial
cells is polarized into apical and basolateral domains, and each of
them contain distinct set of proteins carrying specific functions.
Protein sorting at the TGN contributes to polar delivery of api-
cal/basolateral proteins, and to the asymmetric localization of
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signaling receptors that determine planar cell polarity (PCP) of
epithelia [201]. Tyrosine-based motifs and dileucine motifs at the
C-terminal domain are canonical sorting signals for basolateral-
targeted proteins, whereas apical sorting determinants are diversi-
fied and vaguely defined [198, 201 ]. However, apical determinants
promote partitioning into glycosphingolipid- and cholesterol-rich
membrane microdomains (i.e., lipid rafts) at the TGN, from where
carriers arise [201-203].

In yeast, a unique adaptor complex, termed “exomer,” medi-
ates protein transport directly from the TGN to the PM. Exomer
is a heterotetramer consisting of two copies of Chs5p and two cop-
ies of the ChAPs family proteins (Chs6, Bud7p, Bchlp, and
Bch2p). Chs5p binds to the small GTPase Arfl, whereas the
ChAPs are responsible for cargo binding and sorting [204-208].
Exomer regulates trafficking of chitin synthase III (Chs3p) and
Fuslp from the TGN to the PM [204, 205, 209, 210]. No known
homologs of exomer have been found in metazoans as yet.

Secretory vesicles in yeast are transported to the cell surface
through the function of the Sec4 GTPase [211], whose homolog
in plants is RabEl [212]. In plants, secretory vesicles deliver hemi-
celluloses and pectins to the plant apoplast from the TGN/EE
[193], a transport route mediated by the protein ECHIDNA
(ECH), which interacts with the Rab GTPases YIP4a and YIP4b
[213, 214]. On the contrary, cellulose is synthesized by plasma
membrane-localized cellulose synthase complexes [215]. ECH
also specifically mediates the targeting of the auxin influx carrier
AUXI1 from the TGN to the PM, but not the transport of the
auxin influx carriers LAX1-3 and of the efflux carrier PIN3 [216].
In contrast to animals, secretion in plants is fundamental for cyto-
kinesis, since plants have evolved a unique mechanism of cell divi-
sion. Instead of forming a contractile ring that constricts the plasma
membrane, dividing plant cells target secretory vesicles to the cen-
ter of the division plane, where they fuse with one another to form
the cell plate. Afterwards, the cell plate fuses with the parental PM
on both sides [217, 218]. This mechanism requires the targeting
and function of the PM-located plant-specific syntaxin KNOLLE,
the Secl-like protein KEULE, and the t-SNARE AtSNAP-33
[219-222].

After budding, vesicles are delivered to the PM by motor-
mediated transport along a cytoskeletal track (microtubules or
actin), in which kinesins have been shown to be implicated [203,
223]. The tethering factor that mediates fusion of secretory vesi-
cles and secretory granules with the PM is the exocyst complex,
formed by eight components: Sec3, Sec5, Sec6, Sec8, SeclO,
Secl5, Exo070, and Exo84, whose functions are conserved among
eukaryotes [224-226].
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7 Secretory Granules and Regulated Secretion

Animal cells where regulated secretion is present include endocrine
and exocrine cells, epithelial cells, mast cells, platelets, large granu-
lar lymphocytes, neutrophils, and neurons. Secretion of insulin
from endocrine pancreatic p-cells, secretion of zymogen from exo-
crine pancreatic cells to digest food, secretion of growth hormone
from GH cells of the pituitary gland, and the release of neurotrans-
mitters at the synapses are only few examples of regulated secre-
tion. Secretory granules contain massive amounts of cargoes, which
accumulate first in subdomains of the TGN, and are later released
as immature secretory granules (ISGs) that accumulate in the cyto-
plasm. In endocrine cells the concentration factor from the ER to
secretory granules may be as high as 200-fold, whereas in constitu-
tive secretory vesicles there is at most a 2-fold concentration of
secretory products then in the ER [5]. Biogenesis of mature secre-
tory granules (MSGs) involves specific mechanisms of protein sort-
ing, pro-hormone processing, and vesicle fusion. Specific sorting
signals and domains in regulated secretory proteins (RSPs) are
needed to direct them into the regulated secretory pathway, and
for their segregation from constitutive secreted proteins at the
TGN. Cell-type-specific composition of RSPs in the TGN has an
important role to determine how the RSPs are sorted into ISGs.
Lipid rafts are implicated in RSP sorting at the TGN and specific
SNAREs are required for either MSG formation and for their
fusion with the PM [6, 227].
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Chapter 2

Unconventional Protein Secretion in Animal Gells

Fanny Ng and Bor Luen Tang

Abstract

All eukaryotic cells secrete a range of proteins in a constitutive or regulated manner through the conventional
or canonical exocytic/secretory pathway characterized by vesicular traffic from the endoplasmic reticulum,
through the Golgi apparatus, and towards the plasma membrane. However, a number of proteins are
secreted in an unconventional manner, which are insensitive to inhibitors of conventional exocytosis and use
a route that bypasses the Golgi apparatus. These include cytosolic proteins such as fibroblast growth factor
2 (FGF2) and interleukin-1f (IL-1p), and membrane proteins that are known to also traverse to the plasma
membrane by a conventional process of exocytosis, such as o integrin and the cystic fibrosis transmembrane
conductor (CFTR). Mechanisms underlying unconventional protein secretion (UPS) are actively being
analyzed and deciphered, and these range from an unusual form of plasma membrane translocation to
vesicular processes involving the generation of exosomes and other extracellular microvesicles. In this chap-
ter, we provide an overview on what is currently known about UPS in animal cells.

Key words Animal cells, Autophagy, Exosomes, GRASP, Unconventional protein secretion (UPS)

1 Introduction: Protein Secretion—Gonventional and Unconventional

Eukaryotic cells are characterized by an elaborate intracellular mem-
brane system, and protein secretion or exocytosis is classically
viewed as occurring by multiple rounds of sequential budding and
fusion of membranous vesicles or carriers from the endoplasmic
reticulum (ER), the Golgi apparatus, and the trans-Golgi network
(TGN), which ultimately fuse with the plasma membrane [1]. All
cells secrete a range of proteins in a constitutive manner, but for
specialized cells with regulated exocytosis, another classical route to
the plasma membrane exists for specific cargoes such as hormone
and neurotransmitters. Proteins destined for secretion (or those to
be transported to the plasma membrane) are first targeted to the
ER by N-terminal or internal signal sequences as the nascent poly-
peptide emerges from the ribosome. Secretory proteins exit the ER
via coat protein complex II (COPII) vesicles nucleated by the small
GTPase Sarl [2, 3]. Many secretory proteins acquire a carbohy-
drate group-based post-translational modification, namely core
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N-linked glycosylation at the ER, and undergo subsequent
modifications to their N-linked carbohydrate groups by glycosyl-
transferases as they traverse through the Golgi/TGN. The conven-
tional exocytic transport process at the Golgi requires another
GTPase, the ADP ribosylation factor 1 (Arfl), which nucleates the
coat protein I (COPI) complex. COPI-mediated transport is known
to be inhibited by a host of compounds, including the fungal
metabolite brefeldin A (BFA), which inhibits guanine nucleotide
exchange of Arfl [4]. Viotti provides a more detail discussion on
the conventional mode of protein secretion in a separate chapter.

Amongst proteins that are secreted from cells, a small number
were released from cells in ways that appear independent of the
conventional or canonical secretory pathway or mechanisms.
Prominent in this regard are proteins such as FGF1/2 [5], cyto-
kines like IL.-1f [6], the Drosophila a-integrin [ 7], the nuclear pro-
tein amphoterin/high motility group protein B1 (HMGBI1) [8],
extracellular matrix proteins like galectins [9], yeast heat-shock
protein 150 (Hspl50) [10], the neuropathogenic protein
a-synuclein [11, 12], and more recently the Dictyosteliwm and
yeast acyl-CoA-binding protein [13-15] as well as the membrane
protein cystic fibrosis transmembrane conductor (CFIR) [16].
Evidently, both soluble and membrane-bound proteins located at
various cellular compartments can undergo unconventional pro-
tein secretion (UPS). There is no distinct commonality between
these in terms of identity and function.

There appears to be different modes by which UPS can take
place. At least three different transport modes are apparent,
depending on the nature and cellular location of the cargoes
involved. Firstly, for proteins that are absolutely cytosolic and are
never enclosed by membranous vesicles (such as FGF2) secretion
would require some specific membrane translocation processes
that bring them across the plasma membrane [17]. Secondly, cyto-
plasmic proteins could become membrane encased prior to secre-
tion, and these processes may involve the generation of exosomes
or ectosomes [18-23]. In the third scenario, there are cargoes,
both soluble and membrane bound, that could initially enter the
canonical secretory pathway through ER translocation as they pos-
sess ER-targeting signals. However, these could be subsequently
transported to the cell surface or be secreted in a manner that is
independent of COPII-mediated ER budding, and bypassing the
Golgi apparatus. Some modes of UPS have been more extensively
investigated, and some aspects of UPS are better known than oth-
ers. For example, while the mechanism of generation of exosomes
by the endosomal sorting complexes required for transport
(ESCRT) complexes has been extensively examined [24], the
mode of unconventional secretion that is dependent on autophagy
is less clear in mechanistic terms [25, 26].
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UPS appears to occur in organisms across the entire eukaryotic
domain. In this chapter, we provide a brief overview of what is cur-
rently known about this process in animal cells, and also draw
results from some lower eukaryotes. In the paragraphs that follow,
we first describe some representative cargoes undergoing uncon-
ventional secretion or exocytic cell surface transport, followed by a
discussion on the mechanisms involved.

2 Proteins Known to Undergo Unconventional Protein Secretion

2.1 Growth Factors:
Fibroblast Growth
Factors 2

Table 1

We outline in this section a few prominent examples of proteins that
are unconventionally secreted by animal cells. They are rather
loosely categorized as below, and listed in Table 1. This list is far
from being exhaustive. The reader is referred to more extensive and
dedicated reviews in the literature for other examples [27-29].

Fibroblast growth factor 2 (FGF2, also known as basic FGF (bFGF)) is
a member of the heparin-binding FGF family, which are key regulators
of proliferative and differentiation processes in a wide spectrum of

Proteins known to be secreted by unconventional secretion

Protein Cellular localization Known mechanistic insight
Fibroblast growth Cytosolic Direct plasma membrane crossing with
factor 2 (FGF2) unique mechanism dependent on
phosphoinositides and extracellular heparin
sulfate proteoglycans
Interleukin 1-p (IL1-p) Cytosolic Autophagy- and GRASP-dependent UPS,

Acyl-CoA-binding
protein (ACBP)

Galectin

a-Integrin

Cystic fibrosis
transmembrane
conductor (CFTR)

a-Synuclein
y-Synuclein

Tau

secretory lysosomes, €Xosomes

Autophagy- and GRASP-dependent UPS

Extracellular matrix

Plasma membrane (and dGRASP dependent

internal membranes)

Plasma membrane (and Autophagy- and GRASP-dependent UPS

internal membranes)

Cytosolic Exosomal secretion

Cytosolic Exosomal secretion

Cytosolic/microtubule Exosomal secretion

associated

See text for details
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2.2 Cytokines:
Interleukin-1p (IL-16)

2.3 Non-Cell-
Autonomous
Modulator: Acyl-CoA-
Binding Protein

2.4 Extracellular
Matrix Components:
Galectin-1

and Integrin-a

tissues. FGF2’s known roles in tumor angiogenesis and would healing
and as a key factor in maintenance of renewability in stem cell cultures
are particularly prominent [30]. FGF2 has several isoforms of high and
low molecular sizes, and the 18 kDa small isoform is known to be
secreted extracellularly in an unconventional manner [31]. A related
FGF family member, FGF1, is likewise unconventionally secreted, par-
ticularly under the condition of stress and starvation [ 32, 33]. FGF2 has
no signal peptide or leader sequence and is expected to be exclusively
cytoplasmic, but its non-cell-autonomous activity is of vital physiologi-
cal and pathological importance. FGF2’s unconventional secretion rep-
resents a unique pathway as secretion appears to occur via direct crossing
of the plasma membrane [5, 34 ], which is discussed further below.

IL-1 belongs to the IL-1 family of pro- and anti-inflammatory cyto-
kines [35], which unlike most other cytokines do not would have an
ER-targeting signal peptide and thus have no access to the conven-
tional secretory pathway. Many if not all members of the IL-1 family
are secreted unconventionally, but IL-1p is the best studied in this
regard [36]. IL-1pB is synthesized as a pro-peptide in monocytes,
which is proteolytically processed by activated caspase-1 of the inflam-
masome complex upon infection, injury, and other forms of stress
[37]. Cleaved /mature IL-1p could then exit the cells if these are
lysed during pyroptosis, a mode of Iytic cell death driven by caspase-1
or caspase-11 [38]. Otherwise, its release is not inhibited by pertur-
bation of the secretory pathway with drugs such as BFA or monensin
[39]. Unconventional secretion of IL-1f could occur by a variety of
mechanisms that include plasma membrane translocation, exosomes,
or other forms of secretory micovesicles [ 18, 25, 28, 36]. Caspase-1
is also apparently a driver for the unconventional secretion of dam-
age-associated molecular patterns (DAMPs) or alarmins, such as the
nuclear HMGBI1 [40]. Recent findings suggest that IL-1f secretion
is dependent on autophagy and the Golgi reassembly stacking pro-
tein 55 (GRASP55) [41]. This “GRAPSP and autophagy-depen-
dent” (GAD) pathway/mechanism [25] is further discussed below.

The evolutionarily conserved acyl-CoA-binding protein (ACBP) [42,
43] has both a cell-autonomous activity of binding to medium- and
long-chain acy-CoA esters [44], as well as non-cell-autonomous func-
tions as a secreted protein. The Diceyostelium AsbA product is secreted
as the sporulation factor spore differentiation factor 2 (SDF-2) [45],
while the mammalian ACBP is the precursor of benzodiazepine-bind-
ing inhibitor (BDI) [46]. A series of recent studies have revealed that
ACBP orthologues in Dictyostelium and yeast are unconventionally
secreted in a GRASP and autophagy-dependent manner [13-15].

The evolutionarily conserved galectin-1 is a nuclear/cytoplasmic
p-galactoside-binding protein that has cell adhesion, immune suppres-
sion, and neuroprotective activities [47—49]. Lacking an ER-targeting
signal peptide, it is nonetheless secreted into the extracellular matrix
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[9,50]. Integrin subunits are known to go through conventional exo-
cytosis en route to the cell surface. However, during certain stages of
Drosophila wing imaginal disc epithelia development nascent integrin-a
subunits are transported to the specific plasma membrane domains in
contact with the basal membrane via a mechanism that appears to
bypass the Golgi, but is dependent on the Drosophila dGRASP |7,
51]. Whether integrins could be unconventionally secreted in mam-
malian cells has not yet been clearly demonstrated.

The multi-membrane-spanning cystic fibrosis transmembrane
conductance regulator (CFTR) is the protein mutated in cystic
fibrosis [52]. It is ER targeted and transported via conventional
exocytosis to the cell surface, which is critical for its function as a
chloride channel. Surface CFTR also undergoes endocytic recy-
cling and its surface transport was shown to be dependent on the
TGN SNARE syntaxin 16 [53, 54]. The most common and
prominent class of CFTR mutations, AF508-CFTR, has a defect
in ER exit and exocytosis. Both wild-type and mutant CFTR are
however capable of undergoing some form of unconventional ER
to cell surface transport [55, 56]. Such a mode of exocytosis is not
inhibited by BFA or by silencing of COPI and COPII compo-
nents, and the transported CFTR retains its ER core-glycosylated
forms [56]. This unconventional surface trafficking process of
core-glycosylated CFTR is dependent on GRASP55 and autoph-
agy, and appears to be enhanced by stress. The discovery of an
unconventional transport mode for integrin-o and CFTR (partic-
ularly ER-entrapped AF508-CFTR) suggests that even proteins
that usually undergo conventional exocytosis could be engaged in
unconventional exocytosis under certain conditions, and this
funding has important implications.

Many neurodegenerative diseases are characterized by intra- or
extracellular accumulation of protein aggregates with a domi-
nant etiological component. The small molecule a-synuclein
encode by the SNCA gene has the propensity to form toxic
aggregates, which is a major component of the pathological fea-
ture of Lewy bodies (LB) in brains of Parkinson’s disease (PD)
and other LB disease [57]. a-Synuclein mutations could enhance
its propensity to aggregate, and give rise to the juvenile onset
form of PD. a-Synuclein pathology could spread in a prion-like
manner from neuron to neuron [58], and evidence has accumu-
lated to suggest that a-synuclein could be unconventionally
secreted by an exosome-based mechanism [11, 59, 60]. The
microtubule-binding protein tau, whose pathological hyper-
phosphorylated form is found in intracellular fibrillary tangle in
Alzheimer’s disease and other taupathies [61], is likewise
secreted in an unconventional manner [62, 63], likely through
the generation of microvesicles.
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3 Mechanisms of Unconventional Protein Secretion

In this section, we review what is currently known about the mech-
anisms underlying unconventional secretion in animal cells. It
should be noted that some proteins have possibly more than a sin-
gle mode of unconventional secretion (such as IL-1p) while some
others could be secreted by both canonical and unconventional
means (such as CFTR). A schematic summary of the UPS path-
ways is presented in Fig. 1.

Exosomes o Ectosomes
@
2 __ 0O
FGF2®
MVB\
ftfj CUPS
ER <» Conventional secretion
[ =3 Unconventional secretion

Fig. 1 Conventional versus unconventional secretion. A schematic diagram depicting paths and compartments
known to be involved in UPS. The conventional secretory pathways are marked by green arrows while the
unconventional pathways by blue arrows. For simplicity, the endocytic pathways are not depicted. FGF2 UPS
requires phosphatidylinositol 4,5-bisphosphate (PIP2) and extracellular heparin sulfate proteoglycan (HSPG),
and is regulated by the Tec-1 kinase. The underlying molecular components for other modes of UPS are less
clear. N nucleus, ER endoplasmic reticulum, CUPS compartment for unconventional protein secretion, Ap
autophagosome, GA Golgi apparatus, MVB multivesicular bodies, EE/RE early endosome/recycling endosome,
SL secretory lysosomes, PM plasma membrane
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Proteins that are absolutely cytosolic and have no access to any
form of membranous vesicles would not be able to exit an intact
cell unless there are ways to negotiate the plasma membrane (PM).
In theory, peptides could penetrate a barrier of lipid bilayer via
hydrophilic channels and pumps, such as the ATP-binding cassette
(ABC) transporters and the mitochondrial translocon complexes.
Membrane-penetrating peptides could interact with and perturb
the structure of the phospholipid bilayer and form inverted micelles
[64]. In most if not all of these mechanisms, however, the polypep-
tide is translocated in a denatured or misfolded form.

Work from the laboratory of Walter Nickle has shed light on a
rather unique mode of plasma membrane translocation that is
exhibited by FGE2 [5, 34], which appears to translocate directly
through the PM in a fully folded form without relying on protein-
conducting channels. FGF2 is able to interact with phosphoinositi-
des at the inner leaflet of the PM [65]. Membrane-recruited FGF2
could oligomerize to form a membrane pore [66]. Phosphorylation
of Tyr 81 of FGE2 by Tec kinase, a non-receptor tyrosine kinase
which contains a pleckstrin homology (PH) domain that binds
phosphoinositides, enhances the lipidic membrane pore formation
[67]. FGF2 has a high affinity for heparin sulfate proteoglycans
enriched at the outer leaflet of the PM bilayer [68], and the latter
could literally extract FGF2 from their prior interaction with phos-
phoinositides, thus completing the translocation. At the moment it
is yet uncertain whether this mode of PM translocation is utilized
by other proteins. However, the HIV-TAT protein is known to
require phosphoinositides for secretion [69] and a direct PM trans-
location mechanism has also been proposed for FGF1 and IL-1§.

A more common mode of unconventional secretion is one that
utilizes some form of membranous vesicles. The unconventional
secretion of IL-1p, for example, is perhaps largely through a vesicle-
mediated mechanism. Amongst these, exosomes from multivesicu-
lar bodies (MVBs) are perhaps the best understood. These
40-100 nm endosome-derived vesicles [70-72] are formed in
MVBs by an unusual luminal budding of vesicles from the limiting
membrane of late endosomes. The mechanism involves the genera-
tion of intra-MVB vesicles by the ESCRT complexes [73, 74], and
these vesicles are released as exosomes when MVBs move towards
the cell periphery and fuse with the plasma membrane. Other than
proteins, exosomes also contain RNA and DNA molecules, and
these are potential mediators of intercellular communication.
Another possible mode of unconventional secretion of I1L-1f
involves the secretory lysosomes, or lytic granules [75, 76].
Lysosomes are traditionally viewed as lytic compartments for the
terminal destruction of cellular materials. However, in some cases,
modified lysosomes could undergo regulated secretion in response
to intracellular Ca?* elevation, for example resulting from the



38 Fanny Ng and Bor Luen Tang

3.3 The GRASP
and Autophagy-
Dependent (GAD)
Pathway of UPS

activation of P2X7 purinergic receptors on monocytes [77 ], which
are ATP-gated ion channels [78]. When secretory lysosomes fuse
with the plasma membrane, likely facilitated by a set of syntaxin
11-based [79] fusion machinery akin to that used by lytic granules
[80], their contents could be released into the extracellular space.
In human monocytes and dendritic cells, Ca?* elevation triggers
secretion of both IL-1p and the lysosomal hydrolase cathepsin D
[81-83], which suggest that IL-1f could be co-released from the
same compartment as a lysosomal marker.

Another possible mode of extracellular release of cytosolic
materials is plasma membrane shedding of microvesicles. These
plasma membrane-derived microvesicles have been given several
different names, ranging from ectosomes to shedding microvesi-
cles [23, 84]. These microvesicles are generally somewhat larger
than the MVB-derived exosomes (100 nm to 1 um in size), and are
enriched in the inner leaflet phospholipid phosphatidylserine on
their outer surface. The mechanism for microvesicle formation is
yet unclear. Like the case for secretory lysosomes, there is evidence
that P2X7 receptors expressed in the membrane of microvesicles
may be involved in the regulation of IL-1f release [85, 86].

A particularly interesting recent development is emerging evidence
for the involvement of GRASPs and the autophagy machinery in
unconventional secretion. Both the unconventional secretion of
the cytoplasmic ACBP [14, 15] and the membrane-bound CFTR
[16] involve GRASP and autophagy. In fact, it was recently showed
that the secretion of IL-1p [41] also requires these to be functional.
GRASP orthologues act in Golgi cisternae stacking and Golgi rib-
bon formation [87-89] by forming oligomers through the
N-terminal PDZ domains. Two paralogues exist in the mammalian
genome GRASP65 and GRASP55; both are peripheral membrane
proteins at the cis- and medial-trans-Golgi cisternae. Silencing of
both GRASP proteins leads to disassembly of the Golgi stack [89].

The involvement of GRASPs in unconventional secretion may
superficially appear paradoxical, as cargoes unconventionally
secreted (including CFTR which also follows the canonical secre-
tory route) could bypass the Golgi apparatus in reaching the plasma
membrane. In that case why should the Golgi cisternae stacker
GRASP be involved? It is possible that GRASPs’ function in Golgi
stack maintenance is unrelated to its role in unconventional secre-
tion. It has been proposed that GRASPs are primarily membrane
tethers, as GRASPs oligomerization through their PDZ motifs
could bring opposing membranes in close proximity [90]. Thus,
they could possibly act in membrane tethering of a specific subset
of ER-derived vesicles with the PM. While this is an interesting
hypothesis, the PM-targeting mechanism based on GRASP alone
is not yet well defined. It is possible that canonical secretory path-
way components such as Rabs and SNAREs are involved in this
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tethering and fusion step. Acblsecretion in S. cerevisiae requires
the plasma membrane t-SNARE, Ssolp [14], and that in P. pastoris
requires PM SNARE:s of Pichia [15].

The apparent requirement for components of the autophagy
pathway for the unconventional secretion of quite a range of cargo
types is intriguing. Autophagy is an evolutionarily conserved pro-
cess in which cytosolic materials and membranous organelles like
the mitochondria are encased within a double-membrane autopha-
gosome, which eventually fuses with the vacuole or lysosome for
the degradation of its contents [91]. The roles of autophagy in
cellular and systemic physiology as well as pathology have been
extensively studied [92-97]. A particularly interesting point to
note is that autophagy is typically induced under conditions of
nutrient or growth factor starvation, or during various conditions
of'stress [98]. For the cases of ACBP, CFTR, and IL-1p, autophagy-
dependent unconventional secretion of these proteins does indeed
become apparent under conditions of stress. It is thus conceivable
that during times of stress, the cell may resort to unconventional
secretion of cytosolic proteins (such as IL-1p and ACBP) to elicit a
non-cell-autonomous signal. For the case of proteins already tar-
geted to the ER (such as CFTR), activation of UPS by stress could
help relieve the accumulation of unfolded protein in the ER, or
bypass of trafficking defects in the canonical secretory pathway to
allow some degree of secretion to occur.

Exactly how autophagy leads to UPS is not yet clear, and sev-
eral possibilities have been proposed. Interestingly, autophagy
components that are important for unconventional secretion are
largely those involved in the early stages of generation of autopha-
gosome and for endosomal fusion, but not for the final lysosomal
fusion. Secretion of the Acb-1 in yeast, for example, does not
require the vacuole/lysosomal SNARE VAMP7p or the Rab Ypt7p
that are important for vacuole fusion [14]. Possible intermediates
for autophagy-mediated unconventional secretion may therefore
be autophagosomes (specifically created or otherwise) that fuse
with endosomes/MVBs to form amphisomes [99] that subse-
quently fuse with the PM [25, 26, 29], and not lysosomes. In the
former case, exosomes are presumably generated from the intralu-
minal vesicles in the amphisome or MVB.

In yeast, a novel compartment for UPS, known as the com-
partment for unconventional protein secretion (CUPS), is induced
by nutrient starvation and the GRASP orthologue Grh1p as well as
autophagy proteins initiating autophagosome formation are
recruited into these structures [100]. Whether the autophagosome
generated by CUPS differs from other sites of autophagosomal
origin is not yet clear, and structures analogous to CUPS have not
yet been reported in mammalian cells. While amphisome-PM
fusion may be akin to MVB-PM fusion, direct fusion between
autophagosome and the PM has not been clearly documented. It
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is however conceivable that autophagosomes generated by CUPS-
like structures carrying GRASPs could dock with the PM. What
happens after this fusion is unclear. It should be noted that other
than exosomes, microvesicles known as ectosomes could be gener-
ated by direct budding from the PM [101]. These microvesicles
are known to be shed from the cilium and flagellum [102, 103]. At
the moment the mechanism of ectosome generation remains
unknown and any connection with autophagy remains
speculative.

4 Studying Unconventional Protein Secretion in Animal and Yeast/Fungal Cells/
Tissues

UPS, far from simply a curious set of biological phenomena, has
important implications in health and disease. Its mechanism and
functions have been rigorously tackled by workers in various
research niches. A lot of the work is cargo centered, with impor-
tant molecules such as FGF2 [34], IL-1p [36], and CFTR [16]
being investigated as part of efforts to understand their basic biol-
ogy. Another major aspect of the work pertains to investigations
done on microvesicle-based secretion, which are of pathological
interest [ 104, 105]. Biophysical and biochemical characterization
of extracellular microvesicles is actively pursued in various contexts
[106, 107]. With advances in high-throughput screening
approaches, it is anticipated that more holistic analysis such as
genome-wide siRNA screens will be performed to decipher
components and pathways underlying the various modes of uncon-
ventional secretion. Genetic screens with model organisms such as
S. cerevisine should be ongoing, and are likely to reveal more mech-
anistic insights into the near future. Although unconventional pro-
tein secretion tends to bypass some, if not most, of the needs of the
conventional secretory machinery, it is likely that some vesicular
transport components responsible for conventional secretion are
still involved. A bunch of Rab proteins, for example, are critically
involved in various aspects of autophagy [108-110], and are there-
fore likely to influence UPS that rely on autophagy. UPS processes
that rely on fusion of amphisomes, MVB, or other membranous
carriers with the plasma membrane would likely need the participa-
tion of SNARESs. As proposed earlier, secretory lysosome may use
a bunch of cell surface syntaxins or the atypical syntaxin 11 [79,
80] to facilitate plasma membrane fusion.

From a translational perspective, exosome and other extracel-
lular microvesicles are being developed as specific sources for dis-
ease biomarkers [111] and as biomimetic drug delivery vehicles
[112, 113]. Unconventional secretion appears to be a major con-
tributor to the secretome of cancer cells and tissues [114], and
some of the proteins that are unconventionally secreted could
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promote tumorigenesis and metastasis [115, 116]. UPS, particu-
larly in the mode of exosomal release, has also been extensively
implicated in neurodegenerative diseases [117, 118]. Causative
agents of neurodegeneration such as prion protein [119] and tau
[62, 63] could potentially spread from diseased neurons to healthy
ones via UPS. On the other hand, discovery of AF508-CFTR’s
unconventional exocytosis to the cell surface opens up new thera-
peutic possibilities for cystic fibrosis [ 16] and potentially other dis-
eases that result from impaired surface transport of mutated and
misfolded proteins. A thorough understanding of both the modes
and mechanism of UPS would therefore be of tremendous aca-
demic and clinical interest in the coming years.

In this collection, methods and approaches for investigating
many of the proteins undergoing unconventional secretion shall be
presented and discussed. Methods for preparation and analysis of
the tissue secretome from tumor interstitial fluid (TIF) are pre-
sented by Gromov and colleagues. Amaral and co-workers examine
unconventional transport of CFTR, Lacazette and colleagues dis-
cuss studies on FGF2, Shou and colleagues look at synuclein-y in
cancer cells, while Beer and colleagues examine the role of caspase-
1 in unconventional secretion. Yeast and fungal genetics shall pro-
vide useful handles for dissecting mechanisms and identification of
mechanistic components of UPS, and could be used for the prepa-
ration of molecules of biological interests via UPS. Schipper and
colleagues present the use of UPS to express sugar-free heterolo-
gous proteins in the plant fungal pathogen Ustilago maydis. On
UPS-related pathogenicity, MacLean and colleagues look at the
hydrophilic acylated surface protein B of Lesshmania, and Reynard
and colleagues discuss the role of unconventional matrix protein
VP40 secretion in Ebola pathogenicity. Shedding of microvesicles
may underlie a large fraction of all UPS, and in their respective
chapters, Hajj and colleagues discuss microvesicle-based UPS of
the co-chaperone stress-inducible protein 1, while Rodrigues and
co-workers examine extracellular vesicles from yeast.

Bellucci, Zhang, Goring, and Pocsfalvi discuss methods for
preparation and isolation of exosome-like vesicles or secretome,
derived from various plant materials, and chemical modulation of
secretory pathway in protoplasts.
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Chapter 3

Unconventional Protein Secretion in Plants

Destiny J. Davis, Byung-Ho Kang, Angelo S. Heringer,
Thomas E. Wilkop, and Georgia Drakakaki

Abstract

Unconventional protein secretion (UPS) describes secretion pathways that bypass one or several of the
canonical secretion pit-stops on the way to the plasma membrane, and/or involve the secretion of leader-
less proteins. So far, alternatives to conventional secretion were primarily observed and studied in yeast and
animal cells. The sessile lifestyle of plants brings with it unique restraints on how they adapt to adverse
conditions and environmental challenges. Recently, attention towards unconventional secretion pathways
in plant cells has substantially increased, with the large number of leaderless proteins identified through
proteomic studies. While UPS pathways in plants are certainly not yet exhaustively researched, an emerg-
ing notion is that induction of UPS pathways is correlated with pathogenesis and stress responses. Given
the multitude UPS events observed, comprehensively organizing the routes proteins take to the apoplast
in defined UPS categories is challenging. With the establishment of a larger collection of studied plant
proteins taking these UPS pathways, a clearer picture of endomembrane trafficking as a whole will emerge.
There are several novel enabling technologies, such as vesicle proteomics and chemical genomics, with
great potential for dissecting secretion pathways, providing information about the cargo that travels along
them and the conditions that induce them.

Key words Endomembrane trafficking, Protein secretion, Unconventional protein secretion (UPS),
Leaderless proteins, Signal peptide, Chemical genomics, Vesicle proteomics

1 Introduction

Protein secretion is an essential process in all living organisms; it
follows a highly regulated and dynamic sequence of events that
culminates in the delivery of proteins to the extracellular space.
Mammalian and yeast cell studies have firmly established that pro-
teins are secreted via multiple pathways, which can be roughly clas-
sified into conventional and unconventional routes [1, 2]. In
conventional secretion, proteins are trafficked through the endo-
plasmic reticulum (ER) to the Golgi apparatus, then further on to
the trans-Golgi network, and eventually to the plasma membrane,
where the protein is released into the extracellular space of animal
cells or the apoplast of plant cells [2—4]. An N-terminal secretion

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
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signal as part of the protein sequence determines the selective
entrance into the endomembrane system. Upon or after entry into
the ER, the signal peptide functioning as the secretion pathway
entry is cleaved off [5]. In unconventional protein secretion (UPS)
pathways, the majority of proteins do not feature a signal peptide.
These proteins frequently bypass typical organelles involved in
secretion, such as the Golgi apparatus [6—8]. Our current under-
standing of UPS is dominantly based on extensive studies in animal
and yeast cells, with insights from plants only contributing to it
recently. The hitherto limited attention towards UPS in plants is
somewhat surprising, given the large number of leaderless proteins
in the plant apoplast proteome [6, 9-11]. An increasing number of
studies link pathogenesis and stress response to unconventional
secretion pathways, offering an enticing research avenue towards
understanding mechanisms potentially contributing to plant stress
tolerance [12-19]. This review summarizes our current under-
standing UPS in higher plants.

2 Unconventional Protein Secretion in Animal and Yeast Cells

UPS includes vesicular and non-vesicular means of transport,
both involving a variety of pathways and molecular interactions.
In non-vesicular UPS, soluble cytosolic proteins are directly
secreted and translocated across the plasma membrane. A pri-
mary example of non-vesicular UPS in mammalian cells is the
fibroblast growth factor 2 (FGF2) which can directly translocate
across the plasma membrane [20, 21]. Insertion of FGF2, start-
ing on the cytosolic side of the plasma membrane, is mediated by
phosphatidylinositol-4, 5-bisphosphate binding [22]. During
this process, the correct conformation of the protein prior to
insertion into the membrane is vital; this prerequisite potentially
constitutes a quality control mechanism towards ensuring protein
activity. At the extracellular side, heparan sulfate proteoglycans
(HPsGs) facilitate the directional transport of FGF2 by a yet not
fully understood mechanism [23].

Vesicular UPS involves a plethora of distinct vesicle types
that bud off, travel between, or bypass secretion-related organ-
elles in the cell. Specifically, this mode of secretion can encom-
pass (a) bypassing the Golgi apparatus, (b) organelle fusion
with the plasma membrane, (c¢) secretion via multi-vesicular
bodies (MVBs), and (d) secretion via exosomes or intraluminal
vesicles. While the majority of known unconventionally secreted
proteins lack a signal sequence, some proteins bypass the Golgi
apparatus despite featuring a signal peptide [24]. This particu-
larly intriguing fact raises the question as to what induces a
deviation in the selected pathway, i.e., the switch from conven-
tional to unconventional secretions. Following insertion in the
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ER, proteins are packaged into vesicles that can circumvent the
Golgi apparatus during trafficking to the plasma membrane. In
addition, proteins without a signal peptide can be packaged in
vesicles, within MVBs or exosomes, and subsequently directed
to the plasma membrane without involvement of the ER or the
Golgi apparatus [25]. The secretion of acyl-coA-binding pro-
tein (ACB1) into the apoplast which is then converted to a
spore differentiation factor in protists is a primary example for
this behavior [25]. ACB1 does not feature a signal peptide and
is therefore not translocated across the ER membrane into the
lumen; its transport across the plasma membrane therefore
must rely on an unconventional secretion mechanism. ACB1
secretion involves Golgi-associated proteins, even though the
protein does not pass through the Golgi cisternae. In mamma-
lian and yeast cells, the Golgi reassembly stacking protein
(GRASP) plays a crucial role in both the secretion of proteins
carrying a signal peptide bypassing the Golgi and the secretion
of cytoplasmic proteins [26]. GRASP is localized at the periph-
ery of the Golgi apparatus and, under special conditions, at the
vesicle and plasma membranes. Studies in Drosophila have
established that GRASP aids in plasma membrane tethering
and/or attachment of vesicles destined for secretion [27].
Further studies have found that cells under tension show a
marked increase in UPS, concurring with an upregulation of
GRASP and the secretion of transmembrane proteins bypassing
the Golgi apparatus [27, 28].

3 Conventional Secretion in Plants

Conventional secretion in plants begins at the rough
ER. Secreted proteins are first translocated across the ER mem-
brane by the attached ribosomes, utilizing the signal peptide in
the protein sequences. Once the proteins have entered the ER
lumen the signal peptides are cleaved off. These proteins are
then transported through vesicles featuring specific coat pro-
teins from the ER to the Golgi apparatus. Inside the Golgi, the
proteins undergo additional folding and posttranslational modi-
fications such as glycosylation [29, 30]. Secreted proteins are
then packaged into trans-Golgi secretory vesicles, and following
vesicle fusion with the plasma membrane delivered to the apo-
plast. Various fusion and docking-related proteins are involved
along the secretory pathway from the ER to the plasma mem-
brane, aiding in vesicle tethering, docking, and fusion with each
successive target membrane compartment [4, 31, 32]. Vesicle
fusion and the subsequent delivery of proteins to the apoplast
share mechanistic elements between the conventional and
unconventional pathways [7, 8].



50 Destiny J. Davis et al.

4 UPS in Plants

With the insight that many secreted plant proteins do not feature a
signal peptide, attention towards plant UPS has increased [6-8].
Similar to mammalian and yeast cells, plant cells secrete proteins in a
variety of unconventional pathways. The major differences in plant
cell UPS lie in the large variety of proteins and protein subunits
involved and the unique secretion constraints within the cell. Given
the sessile nature of plants, requiring in situ adaptation to their sur-
roundings and environment, a higher degree of flexibility in their
response might be required extending to the secretion pathways. On
the basis of the large number of proteins lacking a signal peptide in
plants, one is tempted to speculate that what is termed “unconven-
tional protein secretion” may not be that unconventional after all.
Two intriguing questions arising from this are the following: What
are the triggering mechanisms for protein secretion along an uncon-
ventional route, and what is the evolutionary advantage:?

5 Bypassing the Golgi

The Golgi apparatus is the hub of protein trafficking in the eukary-
otic cell. Plant cells rely on the Golgi apparatus for a variety of vital
processes, including the maintenance and buildup of the cell wall
and packaging and glycosylation of proteins prior to trafficking to
their destination [ 33, 34]. However, there are examples of proteins
bypassing the Golgi apparatus on their pathway to the plasma
membrane and therefore lack the posttranslational modifications
occurring there. These alternative secretion pathways can be teased
apart with the aid of chemicals disrupting specific aspects of the
pathway. For example, brefeldin A (BFA) inhibits Golgi-mediated
protein trafficking, but it does not affect the trafficking of proteins
that bypass the Golgi [35, 36]. Two proteins secreted indepen-
dently of the Golgi are mannitol dehydrogenase (MDH) and
hygromycin phosphotransferase (HYG"®) (Table 1; Fig. 1). These
two cytosolic proteins lack a signal sequence. Further, BFA treat-
ment has no effect on the secretion of these proteins to the apo-
plast, indicating that they bypass the Golgi apparatus [17, 37]. It is
hypothesized that these cytosolic proteins are directly translocated
across the plasma membrane. Interestingly, even though the secre-
tion of these proteins occurs independent of the Golgi apparatus,
their secretion nonetheless requires the activity of several Golgi-
localized proteins for membrane fusion, such as the synaptotagmin
2 (SYT2). Knockout mutations of the SYT2 gene in Arabidopsis
prevent the secretion of HYG® [37]. Instead, in the syz2 mutant
HYGR is redirected to the prevacuolar compartment and then pre-
sumably degraded in the vacuole, preventing detoxification of
hygromycin B in the plant [37] (Table 1; Fig. 1).
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Fig. 1 Model of unconventional secretion pathways in plant cells. Pathways marked by /arge red arrows and
numbers are unconventional secretion pathways. The identified proteins that travel along these pathways are
labeled in bold, as indicated in Table 1. The main plant UPS pathways are (7) direct translocation of cytosolic
proteins across the PM, (2) vacuolar fusion with the PM, (3) MVB fusion with the PM, (4) double-membrane
EXPO releasing intraluminal vesicles into the apoplast, and (5) exosome-like secretory vesicle (SV) fusion with
the PM. Small blue arrows denote canonical secretion and endocytosis pathways. PM plasma membrane, CW
cell wall, ER endoplasmic reticulum, TGNE/EE trans-Golgi network/early endosome, SV secretory vesicle, MVB
multivesicular body, EXPO exocyst-positive organelle

Mannitol dehydrogenase (MDH) is a mannitol catabolic
enzyme highly expressed and secreted in response to pathogenic or
stress signals, such as fungal elicitors or salicylic acid [17] (Table 1;
Fig. 1). Following salicylic acid treatment, the leaderless MDH
enzyme is highly abundant in the apoplast, but is not observed at
the Golgi. Its apoplastic localization remains unaffected by BFA
treatment, suggesting that the secretion of MDH is independent
of the Golgi [17]. The secretion of pathogenic response proteins
via unconventional routes raises interesting questions about the
cellular dynamics during pathogen attack.
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6 Organelle Fusion with the Plasma Membrane

In addition to the unconventional secretion pathways outlined
thus far, fusion of organelles directly to the plasma membrane
directs material to the apoplast. One prominent example of this
behavior involves the fusion of the vacuole with the plasma mem-
brane under attack from bacterial pathogens [18]. Proteins travel-
ing to the apoplast along this route are typically trafficked first into
the vacuole along the conventional secretion route (directed by a
secretory and vacuolar sorting sequence), and then secreted to the
apoplast unconventionally by membrane fusion between the tono-
plast and the plasma membrane. Vacuoles accommodate degrada-
tive proteins and hydrolytic enzymes. Under pathogen attack,
these proteins can be released upon tonoplast collapse or fusion
with the plasma membrane. Following the vacuole’s fusion with
the plasma membrane, hydrolytic enzymes and antimicrobial pro-
teins are released into the bacteria-occupied apoplast [18], with
the consequence that both the bacteria and the plant cell die, due
to a lack of protease discrimination. Programmed cell death (PCD)
follows this pattern of tonoplast fusion or breakdown, in an attempt
to control the extracellular proliferation of pathogens. PCD by
tonoplast collapse involves caspase-1-like activity and is more
closely associated with viral pathogenesis since the vacuolar
enzymes are released directly into the cytoplasm [24]. Fusion of
the vacuole with the plasma membrane also causes PCD, targeting
the apoplast where bacterial pathogens aggregate.

The vacuole-plasma membrane fusion mechanism is likely
coordinated by the degradation of some, yet unidentified, compo-
nent of the proteasome complex involving the activity of a caspase-
3-like subunit (PBA1) of the proteasome in plants. Inactivation of
PBALI inhibits the fusion between the tonoplast and the plasma
membrane and therefore prevents the release of vacuolar proteins
into the apoplast [24]. The dependence on the proteasome for
membrane fusion between the tonoplast and the plasma membrane
in bacteria-infected cells indicates a negative regulation of mem-
brane fusion that is disabled upon infection. Support for this
hypothesis is provided by the presence of hydrolytic and other
vacuole-localized proteases, such as aleurain, carboxypeptidase Y,
and aspartyl protease, in the extracellular fluid of Arabidopsis upon
bacterial pathogen infection [24] (Table 1; Fig. 1).

7 MVB Fusion with the Plasma Membrane

While multivesicular bodies (MVBs), in plants also referred to as
prevacuolar compartments, are considered most closely associated
with cargo delivery to the vacuole, there is also evidence that MVBs



54

Destiny J. Davis et al.

are involved in unconventional secretion. MVBs can release their
intraluminal vesicles (or exosomes) into the apoplast following
fusion with the plasma membrane. MVB fusion with the plasma
membrane is observed during pathogen attack and is also involved
in the delivery of lectins. Following fungal pathogen attack, plasma
membrane proteins involved in papillae formation and vesicle fusion
are found both in MVBs and at the location of the infection. These
proteins include the stress-induced callose synthase PMR4 /GSL5
(Table 1; Fig. 1), the GTPase ARAG6, and the SNARE proteins
PENI1 and SNAP33 [16, 38—40]. It is thought that the membrane
components present at the site of the fungal infection accompanying
papillae formation are contributed by MVB fusion and intraluminal
vesicle release [38]. The presence of plasma membrane proteins like
PMR4 in MVBs during fungal attack suggests that MVBs are also
involved in the recycling of certain plasma membrane proteins to the
site of the infection [16, 19, 41]. BFA treatment substantially inhib-
its this mechanism of secretion, which is not surprising, given that
MVBs must first endocytose the plasma membrane-localized PMR4
(and/or other callose deposition-related proteins) in order to deliver
it to the site of the infection. However, the lack of complete suscep-
tibility to fungal pathogen attack following BFA treatment suggests
that other non-plasma membrane-localized proteins can be secreted
by MVBs, including cytoplasmic proteins following invagination
and cytosol capture [16].

In addition to cell defense-related secretion, MVBs are also
involved in the secretion of lectins such as the jacalin-related lectin
protein Helja (Table 1; Fig. 1). Helja is involved in a variety of
processes including storage, stress defense, and plant development;
it has been observed by immunolocalization in apoplastic fluid
[42]. Given its lack of a signal peptide, its presence in the apoplast
suggests an unconventional secretion route. In a series of merolec-
tins sharing a lack of the signal peptide whose apoplastic location is
predicated from data mining, Helja is the first lectin experimentally
identified in the apoplast. Helja has the potential to function as a
probe in bioinformatics analysis towards identification of uncon-
ventionally secreted lectins with a shared sequence [42, 43].

8 Exocyst-Positive Organelle (EXPO)

The yeast and mammalian exocyst complex has been extensively
studied [44—46], whereas plant exocyst proteins have only recently
gained attention. Exocyst complexes are composed of eight sub-
units that are responsible for the coordination of post-Golgi vesicle
fusion with the plasma membrane [47]. Immunolabeling studies
showed the exocyst subunit Exo70E2 at discrete punctate outside
the plasma membrane, as well as at the unique double-membraned
exocyst-positive organelle (EXPO), and further showed that its
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localization pattern is unperturbed by trafficking inhibitors such as
BFA and wortmannin [13, 48, 49]. EXPO is unique among traf-
ficking compartments; it fuses with the plasma membrane to release
cargo-containing vesicles into the apoplast [50]. To date, several
proteins localized in EXPO have been identified [48, 49, 51-53].
One cargo protein of thisnew compartmentis S-adenosylmethionine
synthetase 2 (SAMS2), a leaderless cytosolic protein involved in
lignin methylation [48] (Table 1; Fig. 1). Although SAMS2 has
not been experimentally identified in the apoplast, proteomic anal-
ysis indicates its presence in Arabidopsis secondary cell walls.
Colocalization studies with Exo70E2 in Arabidopsis protoplasts
suggest that SAMS?2 is likely engulfed by EXPO membranes prior
to its release into the apoplast via exosomes [48]. Additionally
plant enzymes involved in glycosylation, nucleotide sugar metabo-
lism, and epimerization have been identified in the EXPO. For
example, arabinogalactan glycosyltransterase localizes at the EXPO
when transiently expressed in N. benthamiana leat epidermal cells
[49] (Table 1; Fig. 1). The presence of glycosylation enzymes in
these small compartments (EXPO), beyond their presence in the
ER and Golgi, suggests that there might be other avenues for the
glycosylation of UPS proteins. Since the initial discovery of AGs in
the EXPO, additional proteins under transient expression have
been found in this compartment: two UDP-glucuronate epimer-
ases and an apyrase colocalized with the AGs and Exo70E2 [51]
(Table 1; Fig. 1).

One distinguishing aspect of the plant exocyst, most notably in
the Exo70 subunits, is the large expansion of the subunits making
up the complex. There are 23 paralogs of Exo70 in Arabidopsis
and 47 in rice, which stands in strong contrast to a single copy in
animal and yeast cells [54, 55]. Interestingly, yeast and animal exo-
cyst subunit homologs expressed in plants do not induce the for-
mation of EXPO, whereas plant subunits expressed in animal cells
do [52]. Taken together, these observations support the hypothe-
ses that plant exocyst subunits have additional or altered roles
compared to their homologs in animal and yeast cells, potentially
reflecting the unique plant-specific secretion challenges.

Given that autophagosomes and EXPO exhibit similar mor-
phological characteristics, specifically the double membrane and the
fact that an exocyst subunit (Exo70B1) localizes in autophago-
somes, it has been hypothesized that autophagosomes and EXPO
are the same cellular compartment [53]. This hypothesis is cur-
rently strongly contested [50, 52]. Electron microscopy immunola-
beling studies indicate that the two compartments are distinct;
autophagosomes fuse with the lytic vacuole and EXPO fuses exclu-
sively with the plasma membrane [48]. Further support towards
their distinct identities comes from the lack of EXPO induction
upon sucrose starvation, a situation which generally induces the
formation of autophagosomes, and the lack of colocalization with
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autophagosome markers [50]. However, there remains lingering
doubt about the distinctness of EXPO from autophagosomes, given
their morphological resemblance and common process of forma-
tion involving cytosol engulfment and membrane closure [48, 53].

9 Exosome-Like Carriers Produced at the Plasma Membrane by Secretory

Vesicle Fusion

In plants, turgor pressure exerts forces on secretory vesicles (SVs) in
the cytosol and on the plasma membrane. These forces can poten-
tially play a role in defining the membrane curvature and the forma-
tion of exosome-like vesicles. Transmission electron microscopy
(TEM) and freeze-fracture electron microscopy micrographs have
shown horseshoe-shaped fusion intermediates of SVs in tobacco
root cap cells, sycamore maple suspension culture cells, and devel-
oping pine tree xylem cells [56, 57]. The squeezed SVs (Fig. 2a)
appear to fuse multiple times, forming exosome-like vesicles, with
molecules inside the cytosolic volume, as well as molecules associ-
ated with the inner membrane, being delivered to the apoplast.

In mucilage-secreting root cap cells, large Golgi-derived SVs
are abundant. Their fusion with the plasma membrane is easily
identified in TEM micrographs, probably due to their large size
and hence longer content discharging period compared to other
cell types. Cytoplasm was captured during fusion of SVs in alfalfa
root cap cells (Fig. 2b). These observations lead to the hypothesis
that the exosome-like structures form when SVs are squeezed by
turgor pressure and merge with each other before they complete
the release of their mucilage cargo (Fig. 2¢).

Another possibility is the formation of exosome-like structures
from secretory vesicle clusters. Mobile compartments labeled by the
secretory carrier membrane protein 2, carrying pectin cell wall polysac-
charides, were identified in Bright-Yellow-2 tobacco cells [58]. They
consist of vesicles and connecting tubules and were thus named secre-
tory vesicle clusters (SVCs). These clusters correspond to the SV-rich-
type trans-Golgi network compartments that eventually fragment to
produce SVs in Arabidopsis [59, 60]. Interestingly, it was shown that
SVCs fuse with the plasma membrane prior to their fragmentation
(Fig. 2d). Since SVCs contain many SVs, of which each can fuse with
the plasma membrane, the SVC membrane and the cytosol within the
fusion sites can possibly form an exosome-like compartment.

EXPOs have been observed to generate exosome-like apoplas-
tic vesicles in Arabidopsis and BY-2 cells [66]. The SV-derived
exosome-like carriers differ from EXPOs in two major ways: (a) the
double-membrane envelope of EXPOs is complete prior to their
contact with the plasma membrane, while SVs fuse with the plasma
membrane prior to packaging molecules associated with their
cytosolic surface into the apoplastic vesicles; (b) EXPOs are larger
(>200 nm) than SVs (<100 nm).
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Fig. 2 Models depicting how secretory vesicle (SV) fusions can produce exosome-like carriers at the plasma
membrane. (a) After an SV makes contact with the plasma membrane, the SV is compressed by turgor pres-
sure. The in-folded PM originates from the SV and fuses with the PM to isolate membrane-bound molecules
(black circles) and cytosolic molecules (black stars) in a membrane-bound compartment (white circles and
stars). (b) A single image from an alfalfa root cap cell electron tomogram, showing three exosome-like carriers
(brackets). The SV-1 has two exosome-like carriers that have potentially formed by the mechanisms illustrated
in panels (a) and (c). (c) SVs grow at the plasma membrane by lateral fusion. (d) An SV-rich TGN (SV-TGN) fuses
with the plasma membrane prior to fragmentation, enclosing cytosolic volumes and some of its membrane
proteins (white circles) in an exosome-like carrier. CWW cell wall, SV secretory vesicle, TGN trans-Golgi network,
G Golgi apparatus. Scale bar: 500 nm

The proposed mechanisms for exosome-like carrier formation
from SVs share a common feature; SVs connect multiple times to
the plasma membrane prior to their complete absorption. Verifying
the proposed novel mode of secretion would require characteriza-
tion of the intermediate structures of the fusion processes and
analysis of the cargo molecules inside the exosome-like carriers.
The former could be achieved by skillful electron/immuno-
electron tomography in combination with serial sectioning. The
fast-paced SV fusion requires high-pressure freezing of samples to
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ensure accurate feature preservation [61]. The fusion intermediates
have complex architectures whose interpretation from a single
electron micrograph is challenging. Three-dimensional imaging
involving serial sectioning and electron tomography in combina-
tion with immunolabeling is required for unambiguous determina-
tion of membrane topology and cargo in the transitional structures.
Increasing widespread availability and adaptation of these advanced
TEM techniques will probably contribute to the identification of
additional vesicle fusion events producing exosome-like carriers.

10 Emerging Technologies for Elucidating Unconventional Secretion

10.1 Chemical
Inhibition

of Trafficking
Pathways

A major strategy in dissecting the various trafficking pathways is
their time point-specific disruption with small molecules [62]. The
effectiveness of this method relies on the specificity of the chemical
for the targeted event. Chemical genomics, in which large chemical
libraries are screened for their activity on specific proteins and cel-
lular pathways, is a way to identify suitable chemical /target combi-
nations. Similar to forward genetics, in which a gene is mutated
causing an aberrant phenotype, chemicals can achieve the same
goal while offering several additional levels of experimental control
while circumventing lethality issues: dose dependence, timing, and
duration. The reversible nature of the cellular effect upon chemical
degradation or removal can further provide information about the
recovery mechanism and its kinetics [62-64].

Chemical genomics has identified a number of small molecules
affecting endomembrane trafficking, among which BFA is proba-
bly the most well-known and most frequently used one. It disrupts
Golgi-dependent secretion pathways in the cell and induces Golgi-
derived vesicle aggregation into “BFA bodies” [35, 36, 65]. BFA
is particularly useful in UPS studies, since a common characteristic
of most UPS pathways is Golgi independence and therefore BFA
treatment tolerance. Wortmannin is another agent used to dissect
trafficking pathways, inducing homotypic MVB fusion in plant
cells by targeting endosomal membrane lipids [66]. In recent
screens, a new set of promising compounds affecting endomem-
brane trafficking in plants were identified [64, 67-69]. Endosidin
3 can distinguish between antagonistic signaling pathways control-
ling cell shape formation [67]. Endosidin 7, a cytokinesis inhibitor,
differentially affects the arrival and fusion of cell plate vesicles dur-
ing cytokinesis, including the delivery of two closely related
populations of Rab GTPases at the cell plate [70, 71]. Endosidin 8
affects an early secretory pathway essential for basal polarity estab-
lishment in Arabidopsis [68]. C834 distinguishes a Golgi-
independent route of tonoplast protein trafficking [72]. Chemical
inhibition of trafficking pathways has great potential in our quest
towards understanding unconventional pathways in the highly
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complex endomembrane trafficking network. Plants with their
sessile lifestyle and hence strong coordination of trafficking events
during adaptation to the local environment are prime study targets
for this approach.

A direct approach towards identification of cargo delivered through
UPS is the isolation of the compartments involved and proteomic anal-
ysis of their contents. Analyzing the proteomes of distinct organelle
and vesicle populations ez route can dissect protein transport routes
and potentially contribute to an understanding of UPS induction. To
date only a limited number of subcellular vesicle proteomes have been
analyzed. These include the isolation and characterization of trans
Golgi vesicles marked by the syntaxin SYP61 and VHA-al, selected
endosomal compartments, and the Golgi apparatus [73-79].

Proteomic analysis of SYP61 vesicles revealed the presence of
cellulose synthase proteins and the SYP121 SNARE complex,
which has an ascribed role in fungal infection response [80]. Taken
together, this suggests the involvement of the SYP61 compart-
ment in CESA recycling and biotic stress responses [73]. A com-
parison of the Golgi, trans-Golgi vesicle, and apoplastic proteomes
can identify cargo that follows a Golgi and TGN-independent UPS
secretion route. This approach can be extended towards the cargo
characterization of specific UPS compartments, such as EXPO,
and elucidate their biological role.

11 Conclusion and Perspectives

UPS is a nascent research field in plant trafficking research, address-
ing how the outstanding number of leaderless proteins in plants reach
their extracellular destination. Advances in this area will provide many
novel insights into plant growth, development, and pathogen and
stress response. Given the variety of UPS pathways, each with its vari-
ous permutations, it is likely that there are still undiscovered and
unobserved UPS pathways in plants. Much remains to be understood
regarding the various conditions that induce UPS and the apparent
benefit these pathways offer the plant over traditional secretion.

So far, the majority of known examples of unconventionally
secreted proteins in plants are related to stress and /or pathogene-
sis responses. The advantage of this secretion pathway over the
canonical trafficking route in response to stress is yet unknown.
One could speculate that under stress these specialized types of
secretion might act as a broad defense strategy allowing for a more
flexible, adaptive, and less specific response to environmental
stresses. Knowledge of different secretion pathways, their regula-
tion, and biological role with respect to their cargo is vital for a
comprehensive understanding of plant cell interactions and
responses to different stimuli.
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Chapter 4

Chemical Secretory Pathway Modulation in Plant
Protoplasts

Francesca De Marchis, Andrea Pompa, and Michele Bellucci

Abstract

The classical Golgi pathway is not the only mechanism for vacuolar protein transport in plants because
alternative transport mechanisms have been described. The existence of these alternative pathways can be
demonstrated using several chemicals and here we describe the use of brefeldin A (BFA), endo-p-N-
acetylglucosaminidase H (Endo-H), and tunicamycin, on isolated tobacco leaf protoplasts. Two main
methods are illustrated in this chapter, protoplast pulse-chase followed by protein immunoprecipitation,
and protoplast immunofluorescence.

Key words BFA, Endo-H, Golgi-mediated protein traffic, Pulse-chase, Tobacco, Tunicamycin

1 Introduction

The secretory pathway in eukaryotic cells is an important process
that regulates key functions of cell biology by synthesizing and
exporting proteins, complex carbohydrates, and lipids from the
endoplasmic reticulum (ER) to their target compartments [1]. In
plant cells, one of the most studied traffic routes in the secretory
pathway is the transfer of proteins from the ER to the vacuole, and
vacuolar proteins often reach the vacuole by endomembrane pro-
gression through the Golgi using secretory vesicles or direct tubu-
lar connections [2—4]. However, this classical Golgi pathway is not
the only mechanism for vacuolar protein transport because alterna-
tive transport mechanisms are usually activated in particular cellu-
lar situations [5, 6]. The formation of protein aggregates is a key
factor that appears to characterize these alternative pathways, but
soluble or tonoplast membrane proteins can also be directly deliv-
ered to the vacuole [7]. Recently, a Golgi-independent vacuolar
deliver of a soluble protein, the human lysosomal a-mannosidase,
has been revealed in transgenic tobacco cells [8]. The authors have
demonstrated, by incubating transgenic leaf protoplasts with both
BFA and Endo-H, that the transport of this glycoprotein to the
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vacuole does not involve the Golgi compartment. Moreover, to
investigate if human o-mannosidase deliver to the vacuole involves
its N-linked glycans, they have incubated transtormed protoplasts
with tunicamycin. Here we describe the protocols that enable pro-
toplast isolation and the modulation of plant secretory pathway
using these three chemicals.

2 Materials

2.1 Seed
Sterilization and Plant
Culture Media

2.2 Solutions
and Media
for Protoplast Isolation

1. Sterile water (see Note 1).
2. Ethanol 70%.

3. Disinfectant seed solution: 50% Commercial bleach (which
contains about 5% sodium hypochlorite) and 0.05%
Tween-20.

4. Murashige and Skoog medium (MS), stock solution 10x [9]:
Dissolve the ready-to-use powder (commercially available) in
1 L of water and adjust pH between 2.0 and 3.0. Store at 4 °C.

5. MS medium for plant growth in sterile culture (1 L): 100 mL
MS stock solution 10x, sucrose 30 g, pH to 5.8. Supplement
the liquid medium with 6-8 g of agar and autoclave.

6. Petri dishes (diameter 9 ¢cm) and sterile containers for plant
growth.

1. a-Naphthaleneacetic acid (NAA) 1 mg/mL stock solution:
Dissolve 50 mg NAA in 5 mL absolute ethanol with continu-
ous stirring and heating the solution to 40-50 °C. When the
solution is clear, add dropwise water to 50 mL. Filter sterilize
and store at -20 °C.

2. 6-Benzylaminopurine (BA) 1 mg/mL stock solution: Dissolve
as above, but help BA resuspension by adding a few drops of
1 N NaOH. Filter sterilize and store at -20 °C.

3. K3 medium (1 L): 3.78 g Gamborg’s B-5 Basal Medium with
Minimal Organics [10], 5.1 mM CaClL-2H,0 (750 mg),
3.12 mM NH/NO; (250 mg), 0.4 M sucrose (136.2 g),
1.67 mM xylose (250 mg), BA 1 mg, NAA 1 mg. Bring to
pH 5.5 with a few drops of 1 M KOH. Filter sterilize and store
at =20 °C.

4. 10x Enzyme mix: Macerozyme Onozuka R-10 5%, Cellulase
Onozuka R-10 10%. Dissolve in K3 medium, stir vigorously
for 30 min or more, and collect in 50 mL conical tubes. Spin
tubes at 10,000 x4 for 15 min to precipitate insoluble materi-
als. Filter sterilize, aliquot, and store at -20 °C (=70 °C for
very-long-term storage). Avoid more than two freeze-thaw
cycles.
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. W5 medium (1 L): 152 mM NaCl (9 g), 5 mM KCI (0.37 g),

125 mM CaCl,2H,0 (18.37 g), 5 mM glucose (0.9 g). Filter
sterilize and store at -20 °C.

. Fluorescein diacetate (FDA) stock solution: Dissolve 5 mg

FDA in 1 mL acetone. Store at -20 °C.

. K3-FDA solution: Add 10 pL of FDA stock solution to 5 mL

K3.

. Bovine serum albumin (BSA) stock solution: Solubilize 4 mg

BSA in water and store at -20 °C.

. Protein labeling mix containing both 35S-methionine and

35S-cysteine  (Pro-Mix, GE Healthcare, Little Chalfont,
Buckinghamshire, UK).

. Unlabeled Met/Cys 10x stock solution: Solubilize, in the

same tube, in K3 solution first 6.05 mg/mL Cys and then
15 mg/mL Met. Filter sterilize, prepare several aliquots in
1.5 mL tubes, and store at —20 °C (see Note 2).

. Protoplast homogenization buffer: 150 mM Tris—-HCI,

pH 7.5, 150 mM NaCl, 1.5 mM EDTA, 1.5% Triton X-100.
Store at 20 °C in small aliquots. Before use, add immediately
1.5 mM phenylmethylsulfonyl fluoride (PMSF) and a mixture
of broad-spectrum protease inhibitors (commercially available
from several companies).

. NET-gel buffer: 50 mM Tris—HCI, pH 7.5, 150 mM NacCl,

1 mM EDTA, 0.1% Igepal, 0.25% gelatin from porcine skin,
0.02 % NaNj.

. NET-buffer: 50 mM Tris—-HCI, pH 7.5, 150 mM NaCl; 1 mM

EDTA, 0.1% Igepal, 0.02 % NaNj.

. Protein A-Sepharose (PAS) 10% suspension: Work at room

temperature. Swell about 1 g Protein A-Sepharose in 40 mL
NET-butffer for 3 h with occasional agitation, in a 50 mL coni-
cal tube. Centrifuge at 300x g4 for 20 min to precipitate the
PAS or wait for the suspension sediments without centrifug-
ing. Eliminate the supernatant, add 40 mL of 1 M Tris—-HCI,
pH 7.5, and let to stand for 1 h with occasional agitation.
Centrifuge as above, discard the supernatant, and wash the pel-
let with 40 mL NET-buffer for 5 min with occasional agita-
tion. Centrifuge again and remove the supernatant. Measure
the volume occupied by the beads (about 3.5 mL) and add 9
volumes of NET-buffer. PAS can be stored at 4 °C for many
months.

. Denaturation buffer 6x: 120 mM Tris—HCI, pH 8.6, 6% SDS,

2% B-mercaptoethanol, 50 % glycerol.

. Bromophenol blue (BPB) 6x: 0.1% BPB, 10% glycerol.
10.

Loading buffer 2x for SDS-PAGE: Make a denaturation buffer
6x/BPB 6x/water (1:1:1) solution (see Note 3).
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2.4 Immuno-
fluorescence

2.5 Chemicals
for Secretory Pathway
Modulation

11.

12.

7

1

[\

Amplify™ fluorography reagent (GE Healthcare, Little
Chalfont, Buckinghamshire, UK).

Release buffer: 100 mM  TrissHCl, pH 8.0, 1%
B-mercaptoethanol, 0.5% SDS.

. Polylysine-coated slides.

. MaCa buffer: 0.5 M mannitol, 20 mM CaCl,, 0.1% MES,
pH5.7.

. Phosphate /mannitol bufter (~100 mL): 0.11 M Na,HPO,,
0.09 M NaH,PO,H,0, 1 M mannitol. Solubilize 13.8 g
NaH,P0O,-H,0 in water and stir vigorously. After dissolving the
phosphate salts, bring the solution to 500 mL and autoclave
(Solution A). Do it again in exactly the same way but adding
this time 14.2 g Na,HPO, (Solution B). Mix together 45 mL
Solution A and 55 mL solution B, dissolve in this phosphate
buffer 18.2 g mannitol, and adjust the pH to 5.8 (try to keep
the volume as much as possible close to 100 mL).

. Fixative buffer with 4 % paraformaldehyde for immunofluores-
cence (50 mL): Heat 15 mL water to 60 °C in a glass beaker
and, under a fume hood, add 2 g paraformaldehyde with con-
tinuous stirring over a hot-plate magnetic stirrer to maintain
the temperature at 60 °C (se¢ Note 4). Cover the beaker to
minimize evaporation loss (se¢e Note 5). Then, slowly add
25 mL phosphate/mannitol buffer pH 5.8, bring to 50 mL
with water, and allow the mixture to cool to room tempera-
ture. The pH of the fixative buffer must be <7.4 (adjust with
drops of 1 N HCI if necessary). Filter the solution through a
0.45 pm membrane filter to remove any particulate matter,
aliquot, and store at —20 °C. Do not refreeze thawed aliquots
but keep them at 4 °C.

. Gelatin stock solution 2 %: Dissolve 4 g gelatin (from porcine
skin) in 196 mL water. Autoclave and then add 0.02 % NaN;.
Store at 4 °C. Before use, let gelatin solution completely lig-
uefy at 37 °C, or, alternatively, put the solution in the micro-
wave for few seconds.

. TSW butffer: 10 mM Tris—HCI, pH 7.4, 0.9% NacCl, 0.25%
gelatin, 0.02% SDS, 0.1 % Triton X-100.

. Mounting medium optimized for fluorescent samples.

. BFA stock solution: Solubilize 2 mg/mL in ethanol and store
at =20 °C.

. Tunicamycin (very toxic) stock solution: Dissolve 5 mg tunica-
mycin in 1 mL 10 mM NaOH and store at -20 °C. Do not
refreeze thawed aliquots but keep them at 4 °C.

. Endo-H: Commercially available in solution.
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3 Methods

3.1 Plant Growth

3.2 Protoplasts
from Leaves

The methods described in Subheadings 3.1 and 3.2 must be carried
out under sterile conditions; therefore handling plant tissues and
culture media should be done in a laminar flow hood which pro-
vides an aseptic work area.

1.

Sterilize tobacco ( Nicotiana tabacum cv. Petit Havana) seeds:
Place seeds (~200) in a 50 mL conical sterile tube with
20 mL 70% ethanol and incubate with vigorous shaking for
1 min. Aspirate ethanol with a sterile glass Pasteur pipette
(see Note 6), add 40 mL solution of 50 % commercial bleach
and 0.05 % Tween-20, and incubate with shaking for 10 min.
Aspirate solution and rinse seeds five times with sterile water
(each time completely removing the liquid). Place seeds onto
MS medium in culture plates for germination.

. Culture in a chamber with 16-8-h (light-dark) photoperiod at

24 °C under 60 pE/m™! /s light intensity. About 2 weeks
after germination, transfer seedlings to a sterile container (e.g.,
glass pots) filled with MS medium. Young fully expanded
leaves should be used for protoplast isolation (see Note 7).

. Dilute the 10x enzyme mix in K3 buffer and keep it at room

temperature. Add 10 mL 1x enzyme mix to each sterile 9 cm
Petri dish.

. Use young fully expanded leaves from tobacco plants grown

under aseptic conditions on MS medium. Place the leaf on a
sterile surface (e.g., an empty culture plate) and, with a blade,
gently cut its abaxial (lower) surface every 1-2 mm, taking care
not to cut through the whole leaf. Operate quickly to avoid
excessive leaf drying. Remove the tip of the leaf if curled.

. Remove the midrib (optional) and place the leaf in the Petri

dish with the abaxial side in contact with the 1x enzyme mix,
without wetting the adaxial (upper) side. Try to pack the dishes
with as many whole leaves and leaf fragments as possible to fill
in the gaps. Leave plates overnight in the dark at 25 °C. One
plate should give about 1-2 x 10¢ protoplasts.

. Remove completely the digestion mix with a sterile plastic

Pasteur pipette.

. Add up to 10 mL K3 medium, dropwise, to the leaves. Let the

drops fall from a distance of 10-15 c¢cm above the leaves to
facilitate the protoplast’s release. Shake the plates gently for
5-10 min to release the protoplasts. Recover the protoplasts
with a sterile plastic Pasteur pipette (alternatively, use a sterile
plastic 10 mL pipette and break its tip).
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3.3 Evaluation

of Golgi-Mediated
Protein Traffic by BFA
Treatment

6.
7.

10.

11.

12.

13.

14.

15.

Repeat step 5 by adding 3-5 mL of K3 medium.

Collect together the two protoplast aliquots and filter the pro-
toplast suspension through a sterile 85 (100) pm-mesh nylon
filter, previously wetted (bottom side) in K3 medium. Collect
the filtrate in a sterile beaker.

. Transfer the protoplasts with a sterile plastic Pasteur pipette

into a 50 mL conical sterile tube. Otherwise, pour them gently
from the beaker into the tube. One 50 mL tube can be filled
with <30 mL protoplast suspension.

. Centrifuge tubes for 20 min at 60 x g with a swinging bucket

rotor with the centrifuge brake set to off. Vital protoplasts
float, and conversely dead cells are pelleted.

With a sterile glass Pasteur pipette form a window through the
protoplast layer by pushing the cells from the center to the
sides, and then carefully suck away the K3 medium leaving
only 8-10 mL in the tube.

Add carefully 4 volumes W5 medium. First, add 2-3 mL of
medium dropwise on the internal side of the tube, which is
inclined by 45°, and mix by gently inverting the tube 2-3
times. Repeat the dropwise addition of W5 medium up to four
times, and then the residual part of the medium can be added
with a constant flow. Protoplasts sink in W5; therefore centri-
fuge for 10 min at 60 x4 and remove supernatant.

Resuspend the pellet very gently with 25 mL W5 (add 3-5 mL,
mix gently by inverting the tube, and repeat until all the W5 is
added), centrifuge again as above, and remove carefully the
supernatant with sterile plastic 10 mL pipette.

Resuspend the protoplasts in 10 mL W5 medium and incubate
for 30 min in the dark at 25 °C.

Count the viable protoplasts: Dilute 50 pL of protoplast sus-
pension (always use cut pipette tips) into 450 pl. K3-FDA,
freshly prepared. Incubate for 5 min in the dark at 25 °C.

Count fluorescent protoplasts under UV light using a
microscope slide grid (see Note 8).

Centrifuge for 10 min at 60 x g, remove supernatant, and
resuspend the protoplasts 1 x 10 mL" in K3 medium (Fig. 1).

The fungal metabolite BFA can be used to verify if a secretory pro-
tein bypass the Golgi complex. BFA, inhibiting the formation of
active ADP ribosylation factor (ARF) and thus the recruitment of
preassembled coat protein complex I (COPI) coat on the Golgi
membrane, prevents the bidirectional membrane trafficking
between the endoplasmic reticulum (ER) and the Golgi [1].
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Fig. 1 Protoplast isolation from tobacco plants. (a) Glass pot containing a sterile culture of seed-derived
tobacco plantlets. (b) Protoplasts are isolated from young fully expanded leaves and resuspended in K3
medium. Bar=70 pm

3.3.1  Protoplast 1. Pulse: Incubate 1x10° mL-! protoplasts for 1 h (see Note 9)
Radiolabeling with 100 pCi/mL of a mixture of 3**S-methionine and
(Pulse-Chase) 35§-cysteine at 25 °C (see Note 10) in the dark in K3 medium

supplemented with 150 pg/mL of BSA. Use 15 mL conical
sterile tube to incubate the protoplasts.

2. Chase: Add to the protoplast solution 1,/10 of the volume of
unlabeled methionine and cysteine (e.g., 130 pL to 1.2 mL)
from a 10x concentrated stock. The final concentration of
unlabeled methionine and cysteine should be 10 mM and
5 mM, respectively.

3. For BFA treatment, preincubate 1x10° mL! protoplasts at
25 °C in the dark with 10 pg/mL BFA (from a 2 mg/mL
stock solution) for 45 min before adding the mixture of radio-
active amino acids. Maintain BFA throughout the pulse-chase
experiment at the same conditions. Preincubate also an
untreated aliquot as control, adding a volume of ethanol iden-
tical to the BFA added volume.

4. Stir gently to obtain a homogeneous solution, since the proto-
plasts tend to float. Then recover (chase 0) an aliquot of
0.3x10¢ protoplasts, always using cut pipette tips. Put the
15 mL conical tube with the other protoplasts at 25 °C in the
dark.

5. Add 3 volumes of ice-cold W5 medium to the aliquot of pro-
toplasts and centrifuge for 5 min at 50 x g at 4 °C. Recover the
supernatant containing the secreted proteins leaving about
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3.3.2 Immuno-
precipitation
of Radioactive Proteins

3.3.3 Immuno-
fluorescence of BFA-
Treated Protoplasts

50 pL above the pellet to cover the protoplasts. (Optional:
Wash again with W5 if you want to get rid of all secreted
proteins. )

. Freeze the supernatant and protoplasts in separated tubes in

liquid nitrogen and stores at -80 °C until ready for
homogenization.

. Repeat steps 5-6 to recover samples at the desired chase time

points (routinely, they are 1, 2, 4, 8, 16, and 24 h).

. Homogenate protoplasts and the corresponding supernatants

with 2 volumes of ice-cold protoplast homogenization buffer,
performing all steps at 4 °C.

. Vortex briefly the samples and then add NET-gel buffer up to

1 mL.

. Centrifuge twice for 4 min at 12,000 x4 at 4 °C and transfer

the supernatant to a new tube each time.

. Add to the supernatant 1 pLL of an antiserum or antibody (not

diluted) raised against the protein of interest.

. Incubate the samples on ice for 90 min.

6. Add 100 pL of a 10% suspension of PAS, always using cut

pipette tips.

. After 90 min under gentle agitation, centrifuge the samples at

300xg tor 3 min at 4 °C and discard supernatant. Wash the
beads three times resuspending them with 1 mL of NET-gel
buffer. Centrifuge as above and discard supernatant after each
wash.

. Add 50 pL of loading buffer 2x to the beads, denature for

5 min at 90 °C, spin briefly, and load the solution on a stan-
dard SDS-PAGE.

. After electrophoresis, treat the gel with Amplify™ fluorogra-

phy reagent according to the manufacturer’s protocol, dry it
with a gel-dryer, and visualize radioactive polypeptides by stan-
dard fluorography (Fig. 2a).

. BFA-treated protoplasts can be subjected to immunofluores-

cence to visualize the BFA effect on protein localization. The
whole immunofluorescence procedure can be carried out at
room temperature. An untreated protoplast aliquot must be
subjected to immunofluorescence as control.

. Assemble a humidity chamber to avoid slides drying out dur-

ing the whole immunofluorescence procedure. According to
the number of slides used in the experiment, choose an appro-
priate container (glass staining dish or plastic box). Cover the
bottom of the container with a wet paper towel and use a
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Fig. 2 Cellular transport of a protein of interest (Pl) is affected by BFA. (a) Tobacco
protoplasts were treated with BFA (+BFA) or untreated (—BFA). Then, protoplasts
were pulse labeled for 1 h with a mixture of radioactive sulfur amino acids and
chased for the indicated periods of time. After each chase point, protoplasts were
homogenated, immunoprecipitated with a specific antibody, and analyzed by
SDS-PAGE and fluorography. Arrow indicates the signal corresponding to the
Pl. In the absence of BFA, Pl is transported to its cellular localization and its cor-
responding signal decreases. In the presence of BFA, Pl transport is interrupted
with the corresponding increase of the Pl half-life. (b) Aliquots of BFA-treated or
untreated protoplasts from (a) were subjected to immunofluorescence. The fluo-
rescence originates from a specific antibody for the Pl detected using FITC-
conjugated anti-rabbit secondary antibody. The images show that the Pl is mainly
detectable as a large aggregate (which is known to localize in the vacuole),
whereas in the presence of BFA, the Pl is retained in the ER as shown by the
labeling of the typical plant ER network, confirming that Pl transport is blocked.
Bars=25 pm

support (e.g., two cut pipettes placed in parallel) to carry the
slides, in order to avoid any contact with the water. The box
must be closed with a lid.

3. Resuspend protoplasts at a concentration of 5x10° mL™ in
MacCa butffer (if they are in K3, add carefully 4 volumes of W5
medium, centrifuge for 10 min at 60xg, and remove
supernatant).

4. Drop (always use cut pipette tips) carefully 300 pL of proto-
plast suspension onto the center of a polylysine-coated slide
and let it adhere for 30 min.

5. After 30 min, tilt the long edge of the slides to a 45° angle on
a paper towel to eliminate excess MaCa buffer with unadhered
protoplasts. Adopt this technique for every washing step in the
experiment (see Note 11).
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3.4 Evaluation

of Golgi-Mediated
Protein Traffic

by Endoglycosidase H
(Endo-H) Treatment

6.

10.

11.

12.

Fix for 30 min the adhered protoplasts adding carefully 400 pL
fixative buffer with 4% paraformaldehyde. Do not pour the
solution directly over protoplasts but place the pipette tip
alongside the cells and carefully release the buffer. Add solu-
tions in this way in all the following steps of the immunofluo-
rescence procedure.

. Permeabilize the protoplasts by washing three times with

500 pL TSW buffer for 10 min each time (see Note 12).

. Dilute the primary antibody at appropriate concentration in

400 pL TSW buffer and incubate protoplasts for 1 h.

. Eliminate the primary antibody excess by washing three times

with 500 plL. W5 bufter for 10 min each time.

Dilute the fluorophore conjugate secondary antibody at appro-
priate concentration in 400 pL TSW butffer and incubate pro-
toplasts for 1 h. As the fluorescent secondary antibody is light
sensible, place the humidity chamber in the dark or cover it, for
example by wrapping aluminum foil around the box and the
lid.

Eliminate the secondary antibody excess by washing three
times with 500 pLL W5 buffer for 10 min each time.

Cover cells, first with a mounting medium optimized for fluo-
rescent samples and then with a glass cover slip. Visualize the
protoplasts under UV light using a microscope with the proper
UV filters (Fig. 2b).

Some secretory proteins are glycosylated into the lumen of the ER
and the most common glycosylation is the N-linked glycosylation.
N-linked glycans undergo extensive remodeling in the Golgi appa-
ratus modifying their cleavage sensitivity to the Endo-H. This
enzyme cleaves the high-Man-type N-linked glycans, but it does
not digest complex glycans derived from glycan modification in the
Golgi apparatus. Therefore, the presence of N-glycosylated poly-
peptides sensitive to Endo-H action indicates that their traffic does
not depend on Golgi-mediated delivery.

1.

Radiolabel protoplasts and then immunoprecipitate the
N-glycosylated protein of interest as described above
(Subheadings 3.3.1 and 3.3.2), with the exception that, after
step 7 of Subheading 3.3.2, wash the PAS beads twice with
water.

. Release proteins bounded to the PAS denaturing at 95 °C for

4 min in 50 pL of release bufter.

. Centrifuge samples for 5 min at 14,500 xg and recover the

supcrnatant.
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Glycan’s Involvement
in Protein Transport
to the Vacuole Can
Be Verified Using
Tunicamycin
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4. Dilute the supernatant tenfold with 0.1 M sodium citrate,
pH 5.5, supplemented with 1.5 mM PMSEF, a broad-spectrum
inhibitor mixture and 50 pg BSA.

5. Divide the sample into two aliquots, one of which should be
treated with 20 mU Endo-H and the other with the same vol-
ume of water.

6. Incubate for 18 h at 37 °C.
7. Precipitate the proteins adding trichloroacetic acid (TCA).

8. Add 50 pL 1x loading buffer to the pellet and analyze by SDS-
PAGE and fluorography as already described.

Tunicamycin is an inhibitor of N-linked glycosylation in the ER
and, in plants, treatment with this chemical is used to study drug-
induced ER stress [11] or the secretory pathway [8]. To investi-
gate if the deliver to the vacuole of a glycosylated protein involves
its N-linked glycans, protoplasts expressing this protein can be
incubated with tunicamycin and then analyzed by pulse-chase,
SDS-PAGE, and fluorography. In the absence of the inhibitor, the
recovery of the immunoselected protein of interest should decrease
over time, as a result of its vacuolar delivery. In the presence of
tunicamycin, the protein of interest traffic could be unchanged or
blocked, strongly suggesting that protein N-linked glycans play no
specific role in the targeting to the vacuole or that protein N-linked
glycans play a specific role in this route, respectively.

1. Preincubate protoplasts 1 x 10° mL! in K3 supplemented with
50 pg/mL tunicamycin (from a 5 mg/mL of 10 mM NaOH
stock solution) or equivalent quantities of solvent for the con-
trols, for 45 min in the dark, and maintain the same conditions
for the whole experiment.

2. Incubate protoplasts to perform the pulse-chase analysis and
then immunoprecipitate the N-glycosylated protein of interest
as described in Subheadings 3.3.1 and 3.3.2, respectively.
Evaluate by SDS-PAGE and fluorography the intensity of the
immunoselected protein over time comparing the tunicamy-
cin-treated protoplasts with untreated ones.

4 Notes

1. The term “water” refers to ultrapure water that has been
deionized such as that dispensed from a Millipore water purifi-
cation system.

2. Check for precipitates when unlabeled Met/Cys 10x stock
solution is melted because after several freezing and melting
the solution may become cloudy. If this occurs, discard and
prepare a new stock.
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10.

11.

12.

. If the denaturation buffer is too viscous, heat it at 50 °C for

several minutes. To prepare a loading buffer 1x, add to one
volume of the loading buffer 2x an identical volume of water.

. To dissolve paraformaldehyde it is necessary to heat the water

to 60 °C, but take care to keep water temperature or the para-
formaldehyde solution temperature under 70-80 °C; other-
wise potential paraformaldehyde degradation may occur.

. The powder will not immediately dissolve into solution; hence

dissolve the paraformaldehyde (which is clear when dissolved
but some fine particles will remain) with few drops of 2 N
NaOH.

. Due to their small size tobacco seeds can be sucked up by the

Pasteur pipette. To avoid this, the Pasteur pipette internal
diameter can be reduced by stretching glass Pasteur pipettes
over a flame. Alternatively, use a sterile stainless steel to sepa-
rate the seeds from the solution.

. It is extremely important to use young fully expanded leaves

for protoplast isolation because they guarantee a high number
of healthy protoplasts, whereas less protoplasts can be obtained
from old leaves.

. If a microscope with a UV lamp is not available, viable proto-

plasts can be counted using bright light and they will appear as
round, intact cells. This method, of course, can only offer a
rough estimation of the viable protoplast number.

. Protoplast incubation (pulse) can be reduced to 30 min or less

it the secreted proteins to be analyzed have a short half-life.

Protein labeling mix containing both 3°S-methionine and
38-cysteine is commercially available. The intensity of the
radioactive signals is correlated to the number of methionine
and cysteine residue in the protein of interest. If the studied
protein does not have cysteine residues, only **S-methionine
can be used.

At the beginning, the number of protoplasts is more than
needed for the experiment. So do not mind if many of them
will remain unattached to the polylysine-coated slide, because
the attached ones are still enough for the immunofluorescence
analysis.

TSW buffer permeabilizes protoplasts and causes, conse-
quently, chlorophyll loss. At the end of the three washes pro-
toplasts will result almost transparent and difficult to be
visualized on the slide.
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Chapter 5

From Cytosol to the Apoplast: The Hygromycin
Phosphotransferase (HYG®) Model in Arabidopsis

Haiyan Zhang and Jinjin Li

Abstract

The process by which proteins are secreted via endoplasmic reticulum (ER)/Golgi-independent mecha-
nism is conveniently called unconventional protein secretion. Recent studies have revealed that unconven-
tional protein secretion operates in plants, but little is known about its underlying mechanism and function.
This chapter provides methods we have used to analyze unconventional character of hygromycin phos-
photransferase (HYG®?) secretion in plant cells. Following isolation of protoplasts from HYGR-GFP-
transgenic plants and incubation with brefeldin A (BFA), an inhibitor of conventional secretory pathway,
we easily obtain protein extracts from protoplasts and culture medium separately. These proteins are sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western
blot analysis with anti-GFP antibodies.

Key words Unconventional protein secretion, Hygromycin phosphotransferase, Protoplast isolation,
Trichloroacetic acid precipitation, Western blot, GFP antibodies

1 Introduction

The classical or conventional secretory proteins often contain an
N-terminus signal sequence that directs the nascent protein to co-
translate and vectorially transfer across the membrane of the endo-
plasmicreticulum (ER). Such secretory proteins are then transported
to the extracelluar space or the plasma membrane through the
ER-Golgi secretory pathway [1, 2]. However, a large number of
proteins have been identified to be secreted without any apparent
signal sequence. In addition, the secretion of these proteins is not
affected by the presence of brefeldin A (BFA), a drug that blocks
conventional ER /Golgi-dependent secretory transport [ 3, 4]. This
phenomenon, termed unconventional secretion, was found in
cukaryotes approximately 25 years ago [5]. Plant secretomics stud-
ies have revealed that secretory proteins without signal sequence
can account for more than half of the total identified proteins.
Furthermore, the unconventional protein secretion in plants seems

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_5, © Springer Science+Business Media New York 2016
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to be involved in biotic and abiotic stresses [6]. The resistance gene
coding for hygromycin B phosphotransferase (HYGY, E.C.
2.7.1.119) has been mainly used as a positive selective marker for
transgenic cells [7]. We found that HYG® lacks a signal sequence
and its secretion is not sensitive to BFA treatment, therefore
HYG®-is secreted via the unconventional secretory pathway [8].
Here we describe a step-wise protocol to detect unconventional
secretory proteins in extracellular space with an example of HYG®
in plants. Arabidopsis plants stably expressing a fusion protein con-
taining HYG® and green fluorescent protein (GFP) are used to iso-
late mesophyll protoplasts from leaf tissues. After incubated with
BFA, the protoplasts and the culture medium are collected respec-
tively. Trichloroacetic acid (TCA) precipitation method is used to
extract soluble proteins from the culture medium. The effectiveness
of BFA on the conventional ER/Golgi pathway was verified by
measuring the activity of acid phosphatase (AcPase) [9] in the
medium and protoplast lysates. Finally, the protoplast lysates and
medium proteins were separated by SDS-PAGE and immunoblot-
ted with anti-GFP antibodies. The protocol is based on some previ-
ously published protocols or methods [10-16] with some
modifications. It consists of protoplast isolation, BFA treatment,
TCA protein precipitation, Western blot analysis, and AcPase assay.

2 Materials

2.1 Arabidopsis
Mesophyll Protoplast
Isolation

1. Plant materials: Wild-type, Arabidopsis thaliana ecotype
Columbia; HYGR-GFP transgenic plants, Arabidopsis express-
ing HYG®-GFP fusion protein under the control of constitu-
tive cauliflower mosaic virus (CaMV) 35S promoter [8].

2. Ethanol (70%): mix 70 mL 100 % ethanol in 30 mL ddH,O.

3. Bleach containing 0.05% (v/v) Tween 20: dissolve 50 pL. Tween
20 into 100 mL bleach (5.25-6.15% Sodium hypochlorite).

4. Sterile agar (0.1%): 0.1 g agar in 100 mL ddH,O. Sterilize by
autoclaving.

5. Murashige and Skoog (MS) agar medium (0.5x): 2.15 g MS salts
to 900 mL ddH,O stir to dissolve. Check and adjust the pH to
5.6 using 1 M KOH. Dilute to final volume of 1000 mL. Add 8 g
agar and 10 g sucrose. Sterilize by autoclaving.

6. Mannitol solution (1 M): dissolve 182 g mannitol into a 1000 mL
volumetric flask and add 600 mL ddH,O. After mannitol is com-
pletely dissolved, dilute the solution with ddH,O to 1000 mL
and mix (see Note 1).

7. Enzyme solution: 1% cellulase R10, 0.25% macerozyme,
0.4 M mannitol, 20 mM KCl, 20 mM MES (pH 5.7), 10 mM
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Treatment

2.3 Trichloroacetic

Acid Protein
Precipitation

2.4 Western Blot
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CaCl,, 5 mM B-mercaptoethanol (optional), 0.1 % BSA. Resolve
the components completely. Adjust the pH to 5.6 with 1 M
KOH. Filter the enzyme solution into new 50 mL falcon tube
through 0.45 pum filter (see Note 2).

. Sucrose solution (21 %): Dissolve 21 g of sucrose in ddH,O to

make total volume of 100 mL.

. W5 solution: 154 mM NaCl, 125 mM CaCl,, 5 mM KClI,

2 mM MES. Dissolve the components completely and adjust
the pH to 5.6 with 1 M KOH.

. BFA stock solution: Prepare stock solution (50 mM) in DMSO

and stored at or below -20 °C (see Note 3).

. Trichloroacetic acid (TCA) (100%): dissolve 500 g of solid

TCA into 350 mL ddH,O. Maintain in dark bottle at room
temperature.

. Acetone (100%).

. Tris buffer (1.5 M, pH 8.8): Weigh 90.68 g Tris and transfer

to a glass beaker. Add ddH,O to a volume ot 400 mL. Mix and
adjust the pH to 8.8 with concentrated HCl. Make up to
500 mL with ddH,O. Store at 4 °C.

. Tris buffer (0.5 M, pH 6.8): Weigh 30.29 g Tris and prepare a

500 mL solution as in previous step. Store at 4 °C.

. Sodium dodecyl sulfate (SDS, 10%): 10 g SDS in 100 mL

ddH,0.

. Ammonium persulphate (APS, 10%): 100 mg APS in 1 mL

ddH,O (prepared before use).

. Tris-buffered saline with Tween 20 (TBST) buffer (1x):

20 mM Tris, 150 mM NaCl, 0.1% Tween 20, Check the pH
and adjust to 7.5.

. SDS-PAGE sample buffer (2x):4 %SDS, 5 % p-mercaptoethanol,

10% glycerol, 0.02% bromophenol blue, 0.2 M Tris—HCI.
Check the pH and adjust to 6.8.

. Tris-Glycine running buffer (1x): 25 mM Tris, 190 mM gly-

cine (pH 8.3), 0.1% SDS.

. Transfer Buffer (1x): 25 mM Tris, 190 mM glycine, 20%

methanol.

. Separation gel bufter (12%) (For 10 mL): 3.35 mL ddH,O,

2.5 mL 1.5 M Tris buffer (pH 8.8), 100 pL. 10% SDS, 5 pL
N,N,N', N'-Tetramethylethylenediamine (TEMED), 4 mL
30% acrylamide-bisacrylamide mix (Acr-Bis, Arc : Bis=29:1),
50 pL. 10% APS.
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25 Acid
Phosphatase Assay

10.

11.

12.

13.

14.

15.

Stacking gel buffer (5%) (For 5 mL): 3.05 mL ddH,O,
1.25 mL 0.5 M Tris buffer (pH 6.8), 50 pL. 10% SDS, 5 pL.
TEMED, 0.65 mL 30% Acr-Bis, 50 pL. 10% APS.

Blocking Buffer: 5% (w/v) nonfat dry milk in 1x TBST.

Antibody dilution bufter: Both the primary and the secondary
antibodies are diluted in 1x TBST supplemented with 0.5%
(w/v) nonfat dry milk.

Primary antibodies: Rabbit monoclonal anti-GFP antibody
(1:4000); anti-tubulin (1:1000) (see Note 4).

Secondary antibody: Horseradish-peroxidase-conjugated goat
anti-rabbit IgG (1:4000).

Enhanced chemiluminescence (ECL) reagents.

. MES-Tris (40 mM, pH 5.5): Dissolve 7.8 g MES in 800 mL

ddH,O. After adjustment of the pH to 5.5 with 1.7 M Tris,
adjust the volume to 1000 mL with ddH,O.

. Extraction buffer: 40 mM MES-Tris (pH 5.5), 1 mM EDTA,

1 mM DTT, 1% (w/v) polyvinyl polypyrrolidone (PVPP),
store at 4 °C.

. Reaction buffer: 5 mM p-nitrophenyl phosphate (p-NPP),

40 mM MES-Tris (pH 5.5), 10 mM MgCl, (see Note 5).

. Stop solution: Dissolving 1.6 g of NaOH in ddH,O to make

total volume of 100 mL.

3 Methods

3.1 Arabidopsis
Plant Growth

3.2 Arabidopsis
Protoplast Isolation

. Incubate Arabidopsis seeds expressing HYG-GFP and wild

type in 70 % ethanol for 5 min by inverting tubes several times.

. Remove ethanol and add bleach. Incubate for 15 min, invert

tubes as above.

. Remove as much bleach as possible.
. Wash 5 times with a large volume of sterile ddH,O.
. Take seeds up in 0.1 % sterile Agar and plate on 0.5x MS agar

medium.

. Grow in a growth chamber for 15-20 days at 22 °C under

16-h photoperiod and120 pmol/m?/s.

. Use leaves from agar-plate-cultured Arabidopsis plants (see

Note 6). Cut leaves in half and then into four pieces by
cross-sectioning with a sharp blade and put them into 50 mL
falcon tube containing 15 mL 1 M mannitol. Incubate 30 min
at room temperature (see Note 7).
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. Remove 1 M mannitol and add 15 mL prepared enzyme solu-

tion. Incubate on a platform shaker (40 rpm) for 3-6 h at
room temperature (se¢ Note 8).

. Check for the release of protoplasts in the solution under the

microscope (see Note 9).

. Filter the protoplasts suspension through a 70-pum nylon mesh

to remove undigested leaf tissues (The size of Arabidopsis
mesophyll protoplasts is approximately 30-50 pm).

. Load protoplasts onto 10 mL 21% sucrose in 50 mL falcon

tube. Centrifuge the tube at 100 x4 for 3 min.

. Take the intact floating protoplasts concentrated in gradient

interface and at the top of the tube with a broad-mouthed
pipet into 50 mL falcon tube containing 15 mL W5 solution.

7. Collect protoplasts by centrifugation at 100 x g for 3 min.

. Remove as much supernatant as possible and wash the proto-

plasts five times with 15 mL of W5 solution each. Resuspend
the protoplasts in 15 mL W5 solution.

. Resuspend the protoplast pellet obtained after the final wash in

2 mL of W5 solution. Take a small aliquot of protoplast sus-
pension and count the protoplast using a hemocytometer
under a light microscope. Adjust the protoplast density to
5x 10° cells/mL by adding more W5 solution (see Note 10).

. Add 50 mM BFA stock solution into protoplast suspension to

the final concentration of 25 pM.

. Incubate the protoplasts with or without BFA at 23 °C for 5 h.

During the incubation, sample aliquots (500 pL) of protoplast
suspension at hourly intervals for measuring the activity of
AcPase (see Subheading 3.6) (see Notes 11 and 12).

. After incubation, take a small aliquot of protoplast suspension

and observe if the protoplasts are intact under a light micro-
scope (see Note 13).

. Collect protoplasts by centrifugation at 100xg for 3 min.

Transfer carefully the supernatant into a fresh tube without
disturbing the protoplast pellet for protein precipitation from
the culture medium (see Subheading 3.4).

. Wash protoplasts twice with W5 solution. Harvest protoplasts

by centrifugation at 100xg for 2 min and discard the
supernatant.

. Lyse protoplasts by adding equal volume of 2x SDS-PAGE

sample buffer and vortex vigorously.

. Centrifuge the samples at 15,000 x g for 15 min at 4 °C. Collect

the supernatants into a fresh tube for Western blot analysis (see

Subheading 3.5).
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3.4 Protein 1.

Precipitation 2
from Protoplast
Gulture Medium

10.

3.5 Western Blot 1.

3.5.1 Sample Loading
and Electrophoresis

3.5.2 Protein Transfer 1.

Chill trichloroacetic acid (TCA) (100 %) and acetone at =20 °C.

. Precipitate proteins in protoplast culture medium by adding

100% TCA to the protoplast culture supernatant. The final
concentration of TCA should be about 12 %.

. Mix well and keep the solution overnight at 4 °C (see Note 14).
. Spin at 15,000 x g for 15 min at 4 °C and immediately decant or

siphon off the supernatant. The pellet will appear as a slight white
residue along with the outer side of the microcentrifuge tube.

. Wash pellet by adding 5 mL prechilled acetone slowly along

the sides of the tube. Incubate at =20 °C for 5 min.

. Spin again for 15 min at 4 °C.

. Discard the supernatant very carefully at this stage since the

pellet is not adhered tightly to the tube.

. Leave the tubes open in a fume cupboard for 10-20 min or

apply vacuum in a SpeedVac briefly to remove traces of solvent
(see Note 15).

. Dissolve the pellet in 100 pL. 2x SDS-PAGE sample buffer by

repeatedly pipetting up and down to break up the pellet. The
bufter solution should be blue in color (se¢ Note 16).

Heat samples at 90 °C for 10 min before analyzing by Western
blot.

Prepare an appropriate percentage (generally 10-15%) poly-
acrylamide gel depending on the estimated molecular weight
of the protein of interest and assemble electrophoresis cell (see
Note 17).

. Fill the upper (inner) and lower (outer) buffer chamber with

1x running buffer.

. Load 10-20 pL of the protein samples prepared from protoplast

lysates and the culture medium, and molecular mass markers
(prestained protein molecular weight standard) (sec Note 18).

. Run the gel in 1x Tris-Glycine buffer at 60-120 V for 1-3 h at

room temperature.

. Rinse the gel three times for 5 min each with 100 mL of ddH,O.

Pre-wet materials such as gel, filter paper, and sponge in 1x
transfer buffer.

. Incubate PVDF membrane in methanol for 10 s to 1 min and

then moved to 1x transfer buffer (se¢ Note 19).

. Prepare the transfer cassette as following;: case (black side), sponge,

filter paper, gel, PVDF membrane, sponge, case (clear side).

. Place in the transfer apparatus with black side facing black.
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10.

3.6 Acid 1.

Phosphatase Assay
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. Transfer in cooling environment with cold 1x transfer bufter at

a constant 200 mA current transfer for 40 min (see Note 20).

. Incubate the membrane in 1x TBST for 15 min before block-

ing the membrane (facing up) with 5% nonfat milk in 1x
TBST, either for 2 h at room temperature or overnight at 4 °C
on a shaker.

Prepare a working dilution of the primary antibodies (anti-
GFP or anti-tubulin) in 10 mL antibody dilution buffer.
Dilution ratio for each antibody should be optimized accord-
ing to the results.

. Incubate the membrane in the diluted primary antibody for

2 h at room temperature or overnight at 4 °C.

. Wash the membrane in 1x TBST three times for 10 min on a

shaker at room temperature.

. Incubate the membrane in an appropriately diluted secondary

antibody solution prepared in 10 mL antibody dilution buffer.
Incubate the membrane for 2 h at room temperature.

. Wash the membrane in 1x TBST three times for 10 min on a

shaker at room temperature.

. Prepare the chemiluminescent reagent (0.125 mL of chemilu-

minescence reagent per cm? of membrane) by mixing equal
volumes of the Enhance Luminol Reagent and the Oxidizing
Reagent (see Note 21).

. Incubate the membrane in the chemiluminescence reagent for

1 min.

. Remove excess chemiluminescence reagent by draining and

place the membrane in a plastic sheet protector.

. Expose to X-ray film for 30 s. Develop the film and, if neces-

sary, use the result to determine an optimum exposure.

Use the bands of the molecular weight marker as a reference to
determine the mass of the protein in each lane.

Centrifuge the aliquots (see Subheading 3.3, step 2) of proto-
plast suspension at 100 x g4 for 3 min. Transfer the supernatants
into fresh tubes without disturbing the protoplast pellet and
keep them on ice.

. Wash the protoplasts twice with W5 solution. Harvest proto-

plasts by centrifugation at 100x 4 for 2 min and discard the
supernatant.

. Freeze the protoplasts in liquid N, for 1 min and thaw on ice.

Lyse protoplasts by adding extraction buffer (EB) and vortex
vigorously.
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4.

Centrifuge the samples at 15,000 x g for 10 min at4 °C. Remove
the supernatants into fresh tubes and keep them on ice.

. Mix 100 pL of enzyme samples (including the protoplast

medium and extracts from the protoplasts) with 900 pL of
reaction buffer and incubate at 30 °C for 30 min in dark. A
blank reaction (reaction buffer without enzyme samples) is run
in parallel (see Note 22).

. Stop the reactions with 2 mL of stop solution (see Note 23).

. Transfer the reaction mixture to a cuvette and measure the

absorption at 405 nm.

. Calculate the AcPase activity in the sample according to the

following  equations:  Units/mL=[(Ays [sample]- Asps
[blank])x3]/[18.3xTime xVenz] (for 3 mL cuvette assay).
Aygs [sample]: Absorbance of the sample; Ay [blank]:
Absorbance of the blank; Time =Time of incubation at 30 °C in
minutes; Venz=Volume of enzyme sample added to the assay in
mL; 18.3: Millimolar extinction coefhicient (&™) of p-nitrophe-
nol at 405 nm; 3: 3 mL, the total assay volume in the cuvette,
including the stop solution. (Unit definition: one unit of acid
phosphatase will hydrolyze 1 mmol of p-nitrophenyl phosphate
per minute at pH 5.5 at 30 °C).

4 Notes

. Keep mannitol solution sterile as there is a high risk of bacterial

contamination. All working solutions containing mannitol
should be prepared fresh.

. The enzyme solution should be dissolved in protoplast culture

medium at 4 °C overnight or alternatively it can be dissolved at
30 °C with shaking at 130 rpm for 1 h. Finally, the enzyme
solution should be clear light brown (see ref. 11). The enzyme
solution should be prepared fresh.

. It is advisable to store the stock solution as aliquots in tightly

sealed vials at =20 °C.

. In our research, tubulin was used as an intracellular marker to

detect contamination of the medium with intracellular pro-
teins due to breakage of protoplasts.

. The Reaction buffer should be freshly prepared.

6. Plant health is vitally important for producing robust and reli-

able protoplasts. We generally use plants grown on 0.5x MS
agar medium to avoid any possible stresses from soil culture.
Do not use pale, discolored, curled, or vitrified leaves.

. Use clean and sharp cut to avoid crushing of the leat and to

decrease the amount of debris in the protoplast preparation.
Change razor blade when sharpness diminishes (see ref. 11).
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. The optimal time of incubation may vary because the activity

of enzyme may differ from different suppliers. It is advisable to
determine the requirements for optimal protoplasting if other
manufacturers’ enzymes are used.

. Check protoplasts by inspecting an aliquot under a light micro-

scope. At this stage of enzyme digestion, the cell suspension
should be green in color and healthy protoplasts are spherical
and float freely.

Protoplasts must be handled very carefully throughout the
whole protocol. When adding a solution to the protoplasts,
pipette it slowly along the tube wall. When pipetting proto-
plast suspension, the end of the pipet tip can be cut to slightly
increase the size of the tip hole.

It has been demonstrated that AcPase is secreted via conven-
tional secretory pathway and its secretion is sensitive to BFA
treatment (see ref. 9). Other reported conventional secretory
proteins can also be used to verify the effectiveness of BFA.

The incubation time is dependent on the protein of interest. If
the expression level is low or the target protein is not secreted
efficiently, the incubation time can be prolonged but not lon-
ger over 16 h, because protoplasts start dying after 16-h incu-
bation and will be less effective to export proteins.

It is very important to confirm that the protoplasts maintain
intact during the whole experimental process for secretory
protein detection.

The incubation time is dependent on the target protein.
Incubate the solution at —20 °C for 5-30 min if the protein
concentration is high.

Do not dry excessively to avoid difficulty in solubilizing the
pellet. At this stage, samples can be stored at -20 °C until you
are ready to run electrophoresis.

A greenish-yellow sample indicates presence of residual TCA. You
can correct it by adding 1 pL aliquots of 1 M Tris solution.

High percentage gels (15-20%) are required for best resolu-
tion of low molecular weight proteins, whereas 4-6% gels is
applicable to resolving large proteins (>200 kDa). If your pro-
tein of interest has multiple isoforms of low to high molecular
sizes, gradient gels would be your best option for achieving
efficient separation of proteins.

Generally, load a volume of protein samples containing between
2.5 and 25 pg of total protein, depending on anticipated rela-
tive purity of the target protein(s).

For proteins with a molecular weight less than 30 kDa, use
0.2 pym PVDF membrane, otherwise 0.45 pm PVDF is
recommended.
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20. Transfer current and time should be optimized according to
blotting system manufacturer’s reccommendations. Low molec-
ular weight proteins (<30 kDa) require a short transfer time to
avoid pulling the protein through the membrane.

21.

ECL reagents and X-ray films optimized for ECL-detection

can be purchased from several vendors.

22.

If acid phosphatase activity of the test sample is low, the incu-

bation time can be extended up to 60 min.

23. NaOH is used to stop the reaction (denatures AcPase) while
simultaneously converting p-nitrophenyl (p-NP) product into
the yellow-colored p-nitrophenol. The colored solution is sta-
ble for several hours (see ref. 15).
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Chapter 6

Following the Time-CGourse of Post-pollination Events
by Transmission Electron Microscopy (TEM): Buildup
of Exosome-Like Structures with Compatible Pollinations

Darya Safavian, Jennifer Doucet, and Daphne R. Goring

Abstract

In the Brassicaceae, the dry stigma is an initial barrier to pollen acceptance as the stigmatic papillae lack
surface secretions, and consequently rapid cellular responses are required to accept compatible pollen.
Regulated secretion with secretory vesicles or multivesicular bodies is initiated in the stigmatic papillae
towards the compatible pollen grain. In self-incompatible species, this basal compatible pollen response is
superseded by the self-incompatibility signaling pathway where the secretory organelles are found in
autophagosomes and vacuole for destruction. In this chapter, we describe a detailed protocol using the
Transmission Electron Microscope to document the rapid cellular changes that occur in the stigmatic
papillae in response to compatible versus self-incompatible pollen, at the pollen—stigma interface.

Key words Pollen—pistil interactions, Self-incompatibility, Vesicles, Multivesicular bodies, Exosomes,
Autophagy, Transmission electron microscopy

1 Introduction

In flowering plants, successful fertilization is guided by a series of
interactions between the pollen and the pistil. These interactions
ultimately guide the growing pollen tube to an ovule within the
pistil where sperm cells are released for double fertilization with the
egg cell and the central cell [ 1, 2]. In the Brassicaceae, the dry stigma
is covered with unicellular papillae that provide a first point of con-
tact for pollen grains [3]. When a compatible pollen grain contacts a
stigmatic papilla, this leads to pollen adhesion and the activation of
a recognition system to deliver resources for pollen germination
[4-9]. In some Brassicaceae species, the self-incompatibility system
exists to reject self-pollen and prevent inbreeding. Both the basal
compatible pollen pathway and the self-incompatibility pathway
function in the stigmatic papillae following pollen contact. The
components and dynamics of these cellular pathways have been

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_6, © Springer Science+Business Media New York 2016
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previously reviewed [1, 10, 11], and here we focus on one aspect,
the secretory activity in the stigmatic papillae following compatible
pollinations versus self-incompatible pollinations.

Earlier studies using transmission electron microscopy (TEM)
on Brassica oleracea stigmatic papillae treated with either com-
patible pollen grains or the surface pollen coat extracted from
compatible pollen grains had uncovered vesicle-like structures
near or in the cell wall of the treated stigmatic papillae. The papil-
lar cell wall was also expanded in response to this compatible pol-
len coat treatment. This suggested that polar vesicle secretion was
part of the stigmatic papilla response towards the compatible pol-
len, presumably to facilitate pollen hydration, pollen germina-
tion, and pollen tube penetration of the stigmatic surface.
However, the localization of vesicle-like structures within the cell
wall was puzzling [6,7, 12]. Subsequently, we identified Exo70A1
as required in the stigmatic papillae for the basal compatible pol-
len pathway, and a strong candidate to be inhibited by the self-
incompatibility pathway to reject self-pollen [13-15]. Recently,
we have shown that the remaining 7 exocyst subunit genes are
also required in the stigmatic papillae to accept compatible pollen
[16]. Thus, with the implication of the exocyst complex and
polarized secretion [17] during compatible pollen—stigma inter-
actions, we undertook a detailed time-course study of post-polli-
nations events using the TEM for three Brassicaceae species:
Brassica napus, Arvabidopsis lyrata, and Arabidopsis thaliana [13,
18]. This highly informative work uncovered cellular responses
that had not been previously known to occur during pollen—
stigma interactions in the Brassicaceae. These included the dis-
covery of multivesicular bodies (MVBs) fusing to the Brassica
napus stigmatic papillar plasma membrane for the secretion of
exosomes for compatible pollinations, and the relocation of these
MVB:s to the vacuole for degradation with self-incompatible pol-
linations [13]. Secretory vesicle-like structures were observed
fusing to the plasma membrane for the Arabidopsis species dur-
ing compatible pollinations, but unexpectedly self-incompatible
pollinations were associated with signs of autophagy in the stig-
matic papillae [13, 18, 19]. Thus, this study demonstrated the
utility of TEM studies as a starting point to document cellular
changes during pollen—pistil interactions, and will provide an
important context to interpret future studies using fluorescent
protein tags to study stigmatic papillar endomembrane dynamics
following compatible and self-incompatible pollinations. In this
chapter, we describe a detailed protocol using the TEM to docu-
ment subcellular changes in the stigmatic papillac during the
early stages of pollen—stigma interactions.
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2 Materials
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10.
11.

12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

23.

. The plant materials used in this study were Brassicaceae spe-

cies: A. thaliana, A. lyrata, and B. napus.

. Glutaraldehyde 8 % aqueous solution; 10 ml ampoules.
. Paraformaldehyde 16 % aqueous solution; 10 ml ampoules.
. Osmium tetroxide 4 % OsO4 aqueous solution; 2 ml ampoules.

. Low Viscosity Embedding Media Kit (Spurr’s resin) consist of:

Vinylcyclohexene Dioxide—225 ml (10 g), Diglycidyl Ether
of Polypropylene Glycol—225 ml (8 g), Nonenyl Succinic
Anhydride—450 ml (26 g), Dimethylaminoethanol—25 ml
(0.4 g) Mix according kit instructions. It is advised to mix
fresh (can store overnight at -20 °C).

. Uranyl Acetate solution: Add 10 g Uranyl Acetate into 100 ml

methanol. Mix until the powder is fully dissolved. Store at
room temperature.

. Lead Citrate solution: Dissolve 0.1 g Lead Citrate into 100 ml

freshly distilled water. Add 1 ml of 10 N NaOH after lead has
dissolved in water. Store at room temperature.

. Toluidine blue solution: Add 0.1 g toluidine blue in 100 ml

distilled water. Store at room temperature.

. 1% Formvar in a volumetric flask: Dissolve 1 g formvar in

100 ml chloroform. Store at room temperature.
Glass knife for thick sectioning.

Microscope slides and cover slips to observe the thick sections
under the light microscope.

Diamond knife for ultrathin sectioning.
Microtome to perform thick and thin sectioning.

TEM grids: single slotted copper Grids (2 x 1 mm, EMS2010-Cu)
to collect ultrathin sections.

Grid Tweezers and TEM Grid Storage Box.

Separatory funnel.

Slides.

lint-free cloths/kimwipes.

Grids and Forceps.

Small beaker.

Deep staining dish.

Prepare all solutions using ultrapure water (prepared by purify-
ing deionized water).

0.2 M phosphate buffer pH 7.2: Prepare stock solutions of 0.2
Na,HPO, (dibasic) and 0.2 M NaH,PO, (monobasic). For a
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24.

25.

26.

27.

0.2 M working solution, mix together 72 ml of the 0.2 M
Na,HPO, (dibasic) solution with 28 ml of the 0.2 M NaH,PO,
(monobasic) solution. Measure the pH to ensure that your
0.2 M phosphate buffer is at pH 7.2 at room temperature
(to lower the pH, add 0.2 M NaH,POy; to increase the pH,
add 0.2 M Na,HPO,). Store at room temperature.

0.1 M phosphate buffer pH 7.2: Dilute 0.2 M NaPO, pH 7.2
solution with an equal volume of sterile water.

Primary Fixative: 2.7% glutaraldehyde, 2.7 % paraformalde-
hyde, 0.1 M NaPO4 pH 7.2. Mix together 10 ml of 8% glu-
taraldehyde, 5 ml of 16% paraformaldehyde, and 15 ml of
0.2 M NaPO4 pH 7.2. Make fresh fixative before each use.

Secondary Fixative: 1% Osmium tetroxide, 0.1 M NaPO4
pH 7.2. Working in a fume hood, mix together 2 ml of 4%
Osmium tetroxide, 4 ml of 0.2 M NaPO4 pH 7.2, and 2 ml of
ddH,0. Can be stored at 4 °C in a dark bottle.

Graded Ethanol Series: (30, 50, 70, 80, 90, and 100 %).
Use deionized water to make the ethanol solutions at each
concentration. Store at room temperature.

3 Methods

3.1 Sample
Preparation

. On day 1, emasculate late stage 12 flower buds by removing

petals and anthers and protect with a small amount of plastic
wrap (see Note 1).

. On the second day, the stage 13 pistils (Fig. 1) are hand-

pollinated in the morning: anthers from other freshly opened
flowers are removed and 1—4 anthers are gently brushed across
the stigmatic surface (see Note 2).

. Remove the pollinated pistils and immediately place in the pri-

mary fixative (see Note 3).

. Fix pistils in 1 ml primary fixative for 1 h through vacuum infil-

tration to allow thorough penetration of the fixative into the
samples (see Note 4) and then remove the primary fixative.

. Rinse the pistils three times by adding 1 ml of 0.1 M phos-

phate buffer and let the samples sit for 10 min each time.

. Remove the final rinse.

. Working in a fume hood, add 1 ml of the secondary fixative and

fix for 1 h (see Note 5) and then remove the secondary fixative.

. Rinse the pistils once with 1 ml distilled water for 5 min and

then remove the water.

. Dehydrate the pistils by using an ethanol gradient series of 30,

50, 70, 80, and 90%. That is, start by adding 1 ml of 30% ethanol
and let the samples sit for 15 min.
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Fig. 1 Stage 13 Arabidopsis thaliana flower. (a) A flower showing the position of the pistil and long anthers. At
stage 13, the flower buds have opened (anthesis) and anther dehiscence has occurred. Some parts of the
flower have been removed to give a better view of the pistil and anthers. (b) Close-up of the top half of the pistil
and the long anthers from the flower in (a). Note that the stigmatic papillae are elongated, anther dehiscence
has occurred, but the long anthers have not extended above the stigma yet (see [20] for flower staging)

3.2 Formvar
Coating Grids

10.

11.

12.

1.

2.
3.
4.

Remove the 30% ethanol, add 1 ml of 50 % ethanol and let the
samples sit for 15 min. Continue through the ethanol gradient
series (for 15 min each) and end with the dehydration step in
100% ethanol for 15 min.

Remove the 100% ethanol, and embed the samples in Spurr’s
Resin as follows:

(a) Add 1 ml of 3:1 100% ethanol /Spurr’s Resin, and infil-
trate for 30 min. Remove this solution.

(b) Add 1 ml of 1:1 100% ethanol/Spurr’s and infiltrate for
30 min. Remove this solution.

(c) Add 1 ml of 100% Spurr’s resin (samples should be in a
closed microcentrifuge tube or capped vial) and leave over-
night on a slow rotator.

The next day, replace the 100 % Spurr’s resin with fresh 100 %
Spurr’s resin and infiltrate the pistils 5 h. Then, embed the
samples in 100% Spurr’s resin by placing the pistils in molds
and placing the mold with 100 % Spurr's resin in a 65 °C oven
to polymerize overnight (Fig. 2) (see Note 6).

For previously used TEM grids, sonicate grids in 95 % ethanol
in a small beaker to clean.

Rinse TEM grids with distilled water.
Transfer the TEM grids onto filter paper and let dry.
Steps 1-3 can be skipped if new TEM grids are being used.
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Fig. 2 An Arabidopsis lyrata pistil embedded in the resin mold. (a) The top half of
the pistil was collected and placed horizontally in the resin mold for sectioning of
the pollen—stigma interface. (b) Close-up of the region in the resin mold contain-
ing the top half of the pistil

10.

11.

12.

. Assemble a separatory funnel and fill with the 1% formvar solu-

tion (Fig.3a).

. Polish a microscope slide with a lint-free cloth or kimwipes

until shinny/slippery, and wipe clean (se¢ Note 7).

. Submerge the polished slide into the 1% formvar solution

(Fig 3a).

. Drain off the 1% formvar solution in the separatory funnel and

remove the slide after 30 s. Let the slide stand to dry (see Note 8).

. Overfill a staining dish with distilled water and make sure the

surface is clean.

Once the coated slide is dry, score the slide edges with a sharp
razor blade on both sides and the bottom to release the film
from the slide.

Exhale on the slide to get a layer of water vapor on and under
the film. Immediately float the film onto the water surface by
touching the bottom of the slide. Slowly lower the slide into the
bath, teasing the film oft as necessary (Fig. 3b) (se¢ Note 9).

With a pair of tweezers pick up a TEM grid and gently lay the
grid, dull side down, on the floating formvar film in the regions
that are of the proper thickness (silver to pale gold color;
Fig. 3¢). Continue this step until all the TEM grids are laid on
the formvar film.
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d

microscope
slide

Fig. 3 Steps in the formvar coating of TEM grids. (a) Separatory funnel with a microscope slide submerged in
the 1% formvar solution. (b) Floating the fomvar film from the microscope slide. (¢) Laying the TEM grids on
the floating fomvar film. (d) Using parafilm to pick up the formvar film with the grids lying top. (e) Formvar-

coated TEM grids left to dry
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13.

14.

3.3 Sectioning 1.

3.4 Staining 1.

and TEM Observations

Use a piece of parafilm to cover and pick up the formvar film
with the TEM grids on top (Fig. 3d).

Place the parafilm in a petri dish with the TEM grids facing up,
and let the formvar-coated TEM grids dry several hours to
overnight before using them (Fig. 3e).

Using an Ultramicrotome with a glass knife, take serial thick
sections of 60 pm thickness from the embedded pistil in the
area of interest (the stigma).

. As you take the thick sections, stain the sections with the

Toluidine blue solution to determine whether you have reached
the area of interest for the TEM (the pollen—stigma contact
point). To do this, use a loop to collect and place the thick
sections on a glass slide. Place a drop of toluidine blue on the
sections on the slide, wait for 1 min, and then place a drop of
water on the slide to wash the sections. Examine the stained
sections in a light microscope. Continue the steps of sectioning
and staining the sections until the stained sections start to
show the pollen—stigmatic papillar interface. The entire pollen
grain is stained dark blue and in contact with a papilla which
has a light stain with a dark blue outline. Once this is observed
in the stained section, move onto the next step.

. From the area of interest identified from the previous step in

the embedded pistil, take ultrathin sections of 80-90 nm
thickness using an Ultramicrotome with a diamond knife.

. Collect the ultrathin serial sections on the formvar-coated

TEM grids. This is done by bringing the formvar-coated grid
to the vicinity of thin sections on the diamond knife to collect
the sections on the grid.

Stain the ultrathin sections collected on formvar-coated TEM
grids with uranyl acetate by submerging the grids in 70-100 pl
of uranyl acetate for 40 min.

. Rinse the grids in three changes of distilled water for 10 min

each time.

. Stain the sections with lead citrate by submerging the grids in

100 pl of lead citrate for 3 min.

. Rinse the grids in three changes of distilled water for 10 min

each time. Let the grids with the stained ultrathin sections dry
overnight before examining them in the TEM.

. For our work, sections were examined and photographed using

either a Hitachi H-7000 TEM or a Hitachi HT7700 TEM at
75 kV (an example shown in Fig. 4).
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Fig. 4 TEM image of a Brassica napus stigmatic papilla in contact with a compatible pollen grain. (a) A stig-
matic papilla at 10 min post-pollination with compatible pollen. The white boxed area is shown in (b). Scale
bar=2 pm. (b) A multivesicular vesicle (MVB) is fusing to the stigmatic papillar plasma membrane (PM), in the
region adjacent to the compatible pollen grain, to release exosomes into the stigmatic papillar cell wall (CW).

Scale bar=100 nm

4 Notes

1. These emasculated flower buds will reach maturity overnight

(i.e. Stage 13 is where flower buds open and the stigma is recep-
tive to pollen (Fig. 1). Prior to pollination, make sure that the
flower staging is correct by looking for elongated stigmatic
papillae (shorter papillae indicate an immature flower bud) [20].
Then, pollinate lightly so that the stigmatic papillac are not
damaged and not overly pollinated. If you have not done man-
ual pollinations before, it may be useful to practice and monitor
the quality by aniline blue staining see [21] for a detailed proto-
col. With a compatible pollination, the aniline blue-stained pis-
tils should show elongated stigmatic papillac with abundant
pollen tubes. Overly bright callose deposits in the stigmatic
papillae indicate wounding and possibly over-pollination.
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2. The pollen can be left for different time points (we examined
5, 10, and 20 min post-pollination.

3. Unpollinated pistils should also be prepared to compare the
ultrastructural features of stigmatic papillaec before and after
pollination. In comparison to the Arabidopsis species, the B.
napus flowers have larger pistils, and so to facilitate the pene-
tration of fixative, B. napus pistils were sectioned longitudinally
(cut in half) with a razor blade after pollination and prior to
fixation. The procedures that follow from this point should be
performed at room temperature and in the fume hood unless
otherwise specified. As well, to avoid damaging the pistils, do
not place samples on a shaker or rotator during fixing and but-
ter wash steps unless otherwise specified.

4. Following vacuum infiltration, fix tissue for another hour
under normal pressure. Pistils generally sink to the bottom of
the tubes, indicating the fixative has fully penetrated the sam-
ples. Sometimes, bubbles in the tissue will cause the pistils to
float, but as long as the stigmas are facing downwards into
solution, they should be properly fixed.

5. The pistils will turn dark brown to black following this step
(Toxic chemicals: All fixing steps should be performed in the
fume hood.)

6. The pistils are oriented horizontally in the resin mold to allow for
sectioning of the pollen—stigma interface for the TEM (Fig. 2).

7. If there is some dust on the slide, the dust can be blown off
using compressed air.

8. The thickness of the formvar films produced is regulated by the
speed with which the funnel drains and the concentration of
the formvar. Use films that are a silver to very pale gold color.

9. Be sure your forceps are cleaned with ethanol.
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Chapter 7

Investigating Alternative Transport of Integral Plasma
Membrane Proteins from the ER to the Golgi: Lessons
from the Cystic Fibrosis Transmembrane GConductance

Regulator (CFTR)

Margarida D. Amaral, Carlos M. Farinha, Paulo Matos,
and Hugo M. Botelho

Abstract

Secretory traffic became a topical field because many important cell regulators are plasma membrane
proteins (transporters, channels, receptors), being thus key targets in biomedicine and drug discovery.
Cystic fibrosis (CF), caused by defects in a single gene encoding the CF transmembrane conductance regu-
lator (CFTR), constitutes the most common of rare diseases and certainly a paradigmatic one.

Here we focus on five different approaches that allow biochemical and cellular characterization of
CFTR from its co-translational insertion into the ER membrane to its delivery to the plasma membrane.

Key words Secretory traffic, Biochemistry, CFTR, Cystic fibrosis, Endoplasmic reticulum, Golgi,
High-throughput microscopy, Plasma membrane, N-glycosylation, ABC transporters

1 Introduction

Secretory traffic became a topical field because many key cell
regulators are plasma membrane (PM) proteins (transporters,
channels, receptors), thus being key targets in biomedicine and
drug discovery. Cystic fibrosis (CF), which affects well over 30,000
sufferers in Europe with a further 50 thousand worldwide, consti-
tutes the most common of rare diseases and certainly a paradig-
matic one. CF is caused by defects in a single gene encoding the
CF transmembrane conductance regulator (CFTR), a chloride/
bicarbonate channel that is also a member of the ATP-/4inding cas-

sette ABC transporter superfamily.

Like most membrane proteins, CFTR biogenesis and traffick-
ing follow the secretory pathway, from the endoplasmic reticulum
(ER) to the plasma membrane through the Golgi apparatus. After

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_7, © Springer Science+Business Media New York 2016
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insertion into the ER membrane, newly synthesized CFTR—both
wild type (wt) or bearing a mutation (e.g., F508del, the most com-
mon disease-causing variant)—is N-glycosylated through the
addition of a 14-unit oligosaccharide on two asparagine residues
located in its fourth extracellular loop. This addition generates the
immature, core-glycosylated form of CFTR (known as band B).
After undergoing correct folding, which is assessed by the ER
quality control (ERQC), the mature core-glycosylated form of wt-
CFTR is exported in COPII vesicles. When passing through the
Golgi, its glycan moieties undergo processing producing the
mature form (known as band C). In contrast, CFTR bearing
F508del is retained in the ER due to misfolding and prematurely
targeted for degradation by the ubiquitin-proteasome pathway
(UPP). Thus, this variant never acquires the fully glycosylated pat-
tern [1]. The model that we have proposed to explain the early
stages of CFTR trafficking through the secretory pathway [2]
involves several checkpoints to assess CFTR folding status, namely
(a) two checkpoints involving the cytosolic Hsp70 and ER cal-
nexin chaperones that recognize CFTR structural /glycan cues,
respectively [3]; (b) negative selection at the ER exit sites mediated
by arginine-framed tripeptides (AFTs) [4, 5]; and (c) positive selec-
tion upon exposure of a DAD motif [6, 7].

This movement of CFTR from the ER to its final destination,
the PM, involves transport through a series of distinct vesicular
compartments. The early CFTR traffic pathways so far described
include (a) conventional anterograde traffic from the ER exit sites
into COPII vesicles, (b) retrograde recycling from the cis Golgi to
the ER, and (c) non-conventional trafficking via tubular structures
migrating peripherally to the Golgi cisternae. This “unconven-
tional” traffic route for CFTR transport to the PM was described to
be insensitive to blocking of conventional ER-to-Golgi traffic and
appears to involve the SNARE protein syntaxin 13 [8]. In this path-
way however, the protein still travels back to the cis Golgi where it
undergoes oligosaccharide processing to the complex form.

More recently, another unconventional pathway was described
to occur during ER stress involving GRASP (Golgi reassembly
stacking proteins). GRASP55 /65 were shown to be tethering fac-
tors that are involved in the ER stress-induced non-conventional
secretion. In this situation, CFTR reaches the PM in its core-
glycosylated form [9 ]—in fact, non-glycosylated (either chemically
or genetically) CFTR was also shown to reach the cell surface and
to be functional [3].

The complex regulatory processes affecting CFTR traffic can-
not be easily rationalized owing to the large number of potential
mediators: at least 200 different proteins have been shown to
interact with CFTR using a proteomics approach [10]. This figure
does not reflect the potentially larger number of indirect players, as
we need to determine the functional relationship of these
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interactors. Loss-of-function assays employing RNA interference
(RNAIi) are instrumental for dissecting such complex networks
[11]. These assays are typically based on measuring a control CFTR
“cellular phenotype” and performing systematic RNAi experi-
ments to identify genes whose knockdown /knockout affects that
cellular phenotype. Such genes are then postulated as candidate
regulators. In this regard, high-content microscopy (HCM) is a
powerful tool as it allows thorough characterization of a biological
process [12], overcoming many of the drawbacks of plate reader-
based assays. In the context of CF, an HCM protocol enabled
identifying diacylglycerol kinase isoform iota (DGK1) and ciliary
neurotrophic factor receptor (CNTFR) as novel regulators of the
epithelial sodium channel (ENaC), a major contributor to CF
morbidity [13]. Because HCM approaches are phenotype based,
they can be readily applied to the drug discovery pipeline to iden-
tify novel CFTR correctors, as recently demonstrated [14].

In this chapter, we describe a set of biochemical and cell biol-
ogy methods that allow evaluation of CFTR trafficking to the cell
surface—assessing its steady-state levels, turnover and stability,
localization at the plasma membrane, glycan processing, and traf-
ficking efficiency.

2 Materials

2.1 Western Blot
Detection of CFTR

1. Bufter: 31.25 mM Tris-HCI pH 6.8, 1.5% (w/v) SDS, 5% glyc-
erol, 0.01% (w/v) bromophenol blue, 0.5 mM DTT (se¢ Note 1).

2. Bradford reagent.
3. Spectrophotometer.

4. Mini sodium dodecyl sulfate-polyacrylamide-gel (SDS-PAGE)
gel system.

5. Benzonase: 25 U/ml in sample bufter.

6. 7-9% Laemmli SDS-PAGE gel (either a pre-cast gel, or a in-
house prepared with 4% (w/v) stacking and 7-9 % (w/v) separat-
ing gel, prepared with acrylamide:bisacrylamide mixture 37.5:1).

7. Running bufter: 0.025 M Tris, 0.192 M glycine, 0.1% (w,/v) SDS.

8. Transfer buffer: 0.025 M Tris-HCI pH 8.3, 0.192 M glycine,
20% (v/v) methanol.

9. SDS-PAGE molecular weight standards.
10. PVDF membrane (pore size: 0.45 pm).
11. 0.1% (v/v) Tween 20 in phosphate-buftered saline, PBS (PBST).
12. 5% (w/v) skimmed milk in PBST.

13. Anti-CFTR monoclonal antibody (CFF reference 596):
Working solution is 1: 3000 in 5 % milk-PBST.
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14.

15

16

17

2.2 Pulse-Chase 1
of CFTR 2
3

4

5.

6

7

8

9
2.3 Cell Surface 1
Biotinylation 2
and Endocytosis 3
of CFTR
4.
5.
6
7
8
9
10.
2.4 Assessment 1.
of CFTR Glycosylation

Anti-mouse IgG horseradish-peroxidase-conjugated second-
ary antibody (Bio-Rad): Working solution is 1:3000 in 5%
milk-PBST.

. Western chemiluminescent substrate system.

. Anti-a-tubulin monoclonal antibody produced in mouse

(clone clone B-5-1-2, T5168—Sigma Aldrich).

. X-ray film.

. Hanks’ balanced salt solution (HBSS).
. Medium without methionine.
. Protein G agarose beads.

. Protease inhibitor cocktail.

PBS.

. L-[¥8]/Methionine L-[**S] cysteine protein labeling mix.
. Methionine: Prepare a 100 mM solution and filter sterilize.

. Radioimmunoprecipitation assay (RIPA) buffer: 1.0% (w/v)

sodium deoxycholate, 1.0% (v/v) Triton X-100, 0.1% (w/V)
SDS, 150 mM NaCl, 50 m M Tris pH 7.4 (see Note 2).

. Sodium salicylate 1 M.

. EZ-Link Sulfo-NHS-SS-Biotin.
. Streptavidin-agarose beads.

. Protease inhibitor cocktail.

L-Glutathione reduced.
PBS.

. PBS-CM: PBS, 0.1 mM CaCl,, 1 mM MgCl,.
. Quenching buffer: 100 mM Tris pH 8.0, 150 mM NaCl,

0.1 mM CaCl,, 1 mM MgCl,, 10 mM glycine, 1% BSA (w/v).

. Pull-down buffer (PD buffer): 50 mM Tris pH 7.5, 100 mM

NacCl, 10% glycerol (v/v), 1% NP-40 (v/v).

. Wash bufter: 100 mM Tris pH 7.5, 300 mM NaCl, 1% TX-100

(v/v).
Stripping buffer: 60 mM L-Glutathione, 90 mM NaCl, 1 mM
MgCl,, 0.1 mM CaCl,, 90 mM NaOH, 10% EBS (v/v).

PNGase F (500,000 U/ml).

2. PNGase F buffer (G7)—supplied—0.5 M sodium phosphate

pH 7.5.

. NP-40 10% (v/v).

4. Endoglycosidase H (500,000 U/ml).

. Endoglycosidase H buffer (G5)—supplied—0.5 M sodium

citrate pH 5.5.
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. Neuraminidase.

. Neuraminidase buffer—50 mM sodium phosphate buffer

pH 6.0.

. Fucosidase.
. Fucosidase buffer—50 mM sodium phosphate bufter pH 5.0.
. Labeling and lysis reagents as in Subheading 2.2.

. CEBE or A549 cell lines expressing a Tet-ON mCherry-Flag-

CFTR construct (wt or F508del variants, described in [12]).

. DMEM high glucose with L-glutamine supplemented with

10% fetal bovine serum, 10 pg/ml blasticidin, and 2 pg/ml
puromycin.

. Doxycycline.

4. VX-809 (see Note 3).

. Dulbecco’s PBS, supplemented with 0.7 mM CaCl, and

1.1 mM MgCl, (DPBS**) (see Note 4).

. 3% Paraformaldehyde (PFA), freshly diluted in DPBS* (see

Note 5).

7. Bovine serum albumin.

10.
11.
12.

13.
14.
15.
16.

17.

18.

. Mouse monoclonal anti-FLLAG antibody (Sigma F1804): 1:500

(2 pg/ml), prepared in DPBS** supplemented with 1% BSA.

. Donkey anti-mouse antibody, Alexa Fluor® 647 conjugate

(Life Technologies A-31571): 1:500 (2 pg/ml), prepared in
DPBS** supplemented with 1% BSA.

0.2 pg/ml Hoechst 33342, in DPBS*.
10 cm Cell culture Petri dishes.

Chambered cover slips or multiwell plates: Plates can be used
as is or after coated with siRNA /lipofectamine for reverse
transfection [12, 15] (see Note 6).

Non-targeting scrambled siRNA.
COPBI siRNA.
Multidrop™ Combi dispenser.

Liquidator™ 96 Manual pipette: Only required for 96- or 384-
well plates.

Automated wide-field epifluorescence microscope equipped
with a 10x objective.

Personal computer running CellProfiler (http://www.cellpro-

filer.org/ [16]).


http://www.cellprofiler.org/
http://www.cellprofiler.org/
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3 Methods

3.1 Western Blot

to Determine Steady-
State Levels

of Immature

and Mature Forms
of CFTR

The use of biochemical techniques to study CFTR has been previ-
ously described as a workflow [17]. The Western blot technique
allows the assessment of steady-state levels of the different forms of
CFTR (in general, the immature—with a molecular mass of about
140-150 kDa—and the mature form—with a molecular mass of
170-180 kDa) and, from quantification of these forms, an evalua-
tion of the efficiency of processing.

1.

Grow CFTR-expressing cells on 60 mm Petri dishes until
confluence.

. Wash the cells three times in PBS.
. Make a cell lysate: Solubilize cells in 200 pl sample buftfer per

dish supplemented with 25 U/ml benzonase.

. Quantify total protein by Bradford’s assay [18] or another

appropriate protein quantification method.

. Load the cell lysate (~30 pg/well) on a mini SDS-PAGE

(stacking 4% (w/v), separating 7% (W/V)
acrylamide:bisacrylamide 37.5:1) at constant voltage (100-
120 V), for 3 h. Use 8-10 pl of an appropriate molecular
weight standard (se¢ Note 7).

. Transfer proteins to a PVDF membrane using wet blotting

(Bio-Rad Mini-PROTEAN) for 1 h 30 min at 400 mA, con-
stant current. The transfer should be done on ice (mixed with
water) or with refrigeration (4 °C).

7. Wash the PVDF membrane with PBST for 15 min.

10.

11.
12.

13.
14.

. Block the PVDF membrane by incubating in 5% (w/V)

skimmed milk in PBST for 2 h.

. Cut the membrane around the 75 kDa molecular weight

marker. Use the higher molecular weight part to probe with
the anti-CFTR antibody (below). The lower molecular weight
segment can be probed with anti-tubulin antibody as an inter-
nal loading control.

Incubate anti-CFTR 596 monoclonal antibody overnight
(diluted 1:3000 in 5% (w/v) skimmed milk in PBST) at 4 °C
with gentle mixing.

Wash three times for 5 min with PBST.

Incubate with anti-mouse horseradish peroxidase (HRP)-

conjugated secondary antibody (diluted 1:3000 5% (w/v)
skimmed milk in PBST) for 1 h.

Wash three times for 5 min with PBST.

Detect protein bands using the chemiluminescent substrate as
per kit instructions by exposing X-ray films for the appropriate
time (1-5 min) (Fig. 1a).
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Fig. 1 Western blot detection of CFTR and calculation of processing efficiency. (a) BHK cells stably expressing
wt- or F508del-CFTR were cultured at 37 °C and either directly lysed or placed for 48 h at 27 °C before lysis,
to allow partial rescue of F508del-CFTR maturation. Following electrophoretic separation, proteins were trans-
ferred to PVDF membranes and probed with antibodies anti-CFTR and also anti-a-tubulin, as a loading control.
Note the partial conversion of immature F508del-CFTR (band B) to mature protein (band C) upon incubation at
27 °C. (b) WB films were scanned and the intensity of the bands corresponding to tubulin and CFTR immature
and mature forms was quantified using an appropriate software (ImagedJ in this example). The graph expresses
the efficiency of CFTR processing, calculated as the ratio between the 0D values for band C and for the total
amount of CFTR (band C + band B). Data are represented as means + SEM, n=7-9

3.2 Pulse-Chase
Experiments

to Determine Turnover
Rate of CFTR
Immature Form

and Efficiency

of Maturation

15. Scan the gel and quantify the bands corresponding to CFTR
immature and mature forms using an appropriate software, for
example Image], GE ImageQuant 1D, Bio-Rad Quantity One,
and Bio-Rad Image Lab.

16. Calculate the efficiency of processing as the ratio between the
amount of band C and the total amount of CFTR (Fig. 1b).

The pulse-chase technique is a well-described and common proce-
dure that, with the use of a labeled amino acid (or amino acids),
allows the determination of the turnover of CFTR immature form
(band B) and also of the conversion of the immature into the
mature form (band C).

Cells expressing the CFTR variant of interest should be grown
to loose confluency. After a period of starvation, cells are then incu-
bated, in general, with a mixture of [3S]-methionine /cysteine. This
period is called the pulse. After this period, during which the labeled
amino acids are incorporated into nascent proteins, the medium
containing the radioactive amino acids is removed and replaced by
the chase medium that contains an excess of unlabeled methionine.
At different times after medium replacement, the cells are lysed and
CFTR is immunoprecipitated. Samples are run in an SDS-PAGE gel
which after fluorography and drying is exposed to an X-ray film.

Results are then obtained by quantifying CFTR mature and
immature forms. The ratio between the amount of labeled immature
CFTR at a specific time (P) and the amount of labeled immature
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CFTR at the end of pulse (F) plotted against the duration of chase
corresponds to the turnover of CEFTR. The ratio between the amount
of labeled mature CFTR at a specific time and the amount of labeled
immature CFTR at the end of pulse plotted against the duration of
chase corresponds to the efficiency of processing (Fig. 2).

1. Seed BHK cells expressing CEFTR on 60 mm dishes 24 h before
experiment. The seeding density should be such that cells are
at sub-confluency at the time of starting the experiment (see
Notes 8 and 9).

2. Remove media and wash twice with 2 ml of HBSS.
3. Incubate in methionine-free medium for 30 min.

4. Remove media and pulse with 1 ml methionine-free medium
containing 150 pCi/ml [**S]-methionine /cysteine for 30 min.

5. After the pulse period, remove the medium containing the
labeled amino acids and wash twice with 1 ml HBSS.

6. Feed the cells with their regular medium supplemented with
the appropriate amount of fetal bovine serum, 1 mM methio-
nine, and, if needed, 25 pg/ml of cycloheximide (se¢ Note 10).
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Fig. 2 Turnover and processing of wt- and F508del CFTR. (a) BHK cells stably expressing wt- or F508del-CFTR
were pulse-labeled with [*S]-methionine and chased for 0, 0.5, 1, 2, and 3 h. Cells were then lysed and immu-
noprecipitated with an anti-CFTR Ab. Following electrophoretic separation and fluorography, immature (band
B) and mature (band C) forms of CFTR were quantified. (b) Turnover of the core-glycosylated form (band B) of
wt- and F508del-CFTR is shown as the ratio between P, the amount of band B at time ¢ and P,, the amount of
band B at the start of the chase (i.e., at the end of pulse). (¢) The efficiency of conversion of the core-
glycosylated form (band B) into the fully glycosylated form of wt-CFTR (band C) is determined as the ratio
between the amount of band C at time t and the amount of band B at the start of the chase (P;)



3.3 Cell Surface
Protein Biotinylation
to Assess CFTR
Plasma Membrane
Abundance

and Endocytosis
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11.

12.

13.
14.
15.

16.
17.
18.

19.

20.
21.

22.
23.
24.
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. At appropriate intervals of incubation with the chase medium,

harvest cells. For this, wash them twice with 1 ml ice-cold PBS,
add 1 ml RIPA bufter supplemented with protease inhibitors,
and incubate for 30 min at 4 °C.

. Scrape cells off the plate and pass ten times through a 1 ml pipet

tip and then ten additional times through a 200 pl pipet tip.

. Transfer the cell lysates to a 1.5 ml microcentrifuge tube with

O-ring.
Centrifuge in a microcentrifuge at 14,000 x4 for 30 min, 4 °C.

Transfer the supernatant to a new microcentrifuge and discard
the pellet (see Note 11).

Add the appropriate amount of antibody (1:1000 if using anti-
CFTR antibody 596 or 570, provided by CFFT) and 40 pl of
Protein G beads (see Note 12).

Incubate overnight in cold room (4 °C) with shaking.
Wash the beads three times with 1 ml ice-cold RIPA (se¢ Note 13).
Add 70 pl of sample buffer (see Subheading 2.1) and incubate

for 30 min with continuous mixing at room temperature.
Spin at 14,000 x g for 2 min.
Collect supernatant (see Note 11).

Load samples onto a 20 cm gel and run overnight at approxi-
mately 75 V (see Note 14).

Fix the gel in 30% (v/v) methanol/10% (v/v) acetic acid for
30 min.

Wash four times for 15 min in bidistilled H,O.

For fluorography, treat the gel for 1 h with 1 M sodium
salicylate.

Dry the gel and expose to an X-ray film.

Develop in 24 /48 h.

Scan the film and quantify the bands corresponding to CFTR
immature and mature forms using an appropriate software:
Image], GE ImageQuant 1D, Bio-Rad Quantity One, or Bio-
Rad Image Lab.

The end point of the successtul processing and trafficking of CFTR
is its delivery to and function at the plasma membrane. A number
of methods have been proposed to enrich, purify, and quantify the
amount of CFTR at the cell surface. Among them, usage of bioti-
nylating reagents and exploitation of the strong interaction
between biotin and streptavidin for the purification of biotinylated
surface proteins have rapidly gained in popularity and allowed
some of the most significant progresses in evaluating and quantify-
ing the efficacy of CFTR trafficking to the plasma membrane and
the rate of'its turnover from the cell surface.
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The most common targets for modifying protein molecules are
primary amine groups that are present as lysine side-chain epsilon-
aminesand N-terminalalpha-amines. Hence, N-hydroxysuccinimide
(NHS) esters are among the most widely used amine-reactive bio-
tinylation reagents. Their poor solubility in aqueous solutions has
been overcome by the addition of a sulfonate group on the
N-hydroxysuccinimide ring, which also made them ideal as surface
biotinylation reagents, because sulfo-NHS-esters do not penetrate
the cell membrane.

The protocol described herein makes use of another NHS-biotin
derivate—the sulfo-NHS-SS-biotin, a reagent that includes a disulfide
bond in the spacer arm separating the sulfo-NHS and biotin groups.
The S-S bond can be cleaved using reducing agents, enabling the bio-
tin group to be disconnected (“stripped”) from the labeled proteins at
the plasma membrane. This reagent can thus be used to analyze both
the steady-state amount of CFTR at the cell surface and to follow the
rate of CFTR internalization from the plasma membrane (Fig. 3). In
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Fig. 3 Abundance and endocytosis of CFTR at the cell surface. (a) CFBE cells stably expressing wt- or F508del-
CFTR were incubated for 24 h with 5 pM VRT-325, 10 pM Corr-4a, or 3 pM VX-809. CFTR abundance at
plasma membrane was analyzed by surface protein biotinylation followed by western blot with an anti-CFTR
Ab. Shown are representative images of immunoblots for the biotinylated fraction of mature (band C) CFTR at
the plasma membrane (biotin pull-down) and of whole-cell lysates showing the steady-state abundance of
immature (band B) and mature (band C) forms of CFTR upon the different treatments. (b) Quantification of the
abundance of mature F508del-CFTR at the cell surface after treatment with the indicated corrector com-
pounds, relatively to wt-CFTR. Data are mean values = SEM of n=4 independent experiments. (¢) Proteins at
the surface of BHK cells stably expressing wt-CFTR were labeled with biotin at 0—4 °C and allowed to internal-
ize by placing the cells at 37 °C for 0, 1, 2.5, 5, 7.5, and 15 min. Following striping of the remaining biotin labels
at the cell surface, cells were lysed and the internalized, biotin-labeled CFTR proteins were isolated by
streptavidin-mediated capture and analyzed by Western blot as in (a). (d) Quantification of the amount of CFTR
internalized at the different time points, expressed as a percentage of the total amount of CFTR biotinylated at
the cell surface (w/o stripping). Data are mean values + SEM of n=6 independent experiments
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the first case cells are placed on ice to stop all exocytic and endocytic
trafficking and labeled with a solution of sulfo-NHS-SS-biotin in
PBS. After quenching of the reaction with an amine-rich bufter, the
cells are thoroughly washed and lysed and biotin-labeled proteins at
the cell surface isolated by pull-down with streptavidin-coated agarose
beads. To assess the rate of CFTR endocytosis the first protein label-
ing step is identical but after quenching the reaction the labeled pro-
teins are allowed to internalize by replacing the cells at 37 °C for
increasing time intervals, followed by striping the biotin labels from
the remaining labeled proteins at the surface with a reducing agent
(such as glutathione). In this way, only internalized CFTR proteins,
protected inside the cell from the reducing reagent action, will be
isolated by streptavidin-mediated capture. Captured proteins are then
eluted with dithiothreitol (DDT)-containing Laemmli buffer, allow-
ing the efficient cleavage of S-S bond and their release for analysis by
Western blot as described in Subheading 3.1.

The following protocol was successfully used in our lab to ana-
lyze CFTR plasma membrane levels and endocytosis in BHK,
CFBE, Hela, and HEK-293 cells [19-22].

1. Seed cells expressing CEFTR on 60 mm dishes 24 h before the
experiment. The seeding density should be such that cells are
at near confluence at the time of starting the experiment.

2. Before starting prepare all required solutions (see Subheading 2.3)
and pre-block the streptavidin-agarose beads as follows:

(a) Wash 50 pl/dish of streptavidin bead slurry three times
with PBS.

(b) Remove the supernatant and add at least twice the dry
bead volume of PD-buffer (see Subheading 2.3) supple-
mented with 2% of skimmed milk.

(c) Rotate for at least 1 h at 4 °C.

(d) Wash three times with pull-down buffer using 1000 x4
spins and remove the supernatant.

(e) Add one volume of PD-buffer supplemented with protease
inhibitors to the dry beads.

1. Wash cells 3-5 times with 2 ml of ice-cold PBS-CM to remove
all medium contaminants (washing procedure depends on the
cell type used (see Note 15)).

2. Keep one dish with PBS-CM to function as the “without-
biotin” control (to assess the amount of contaminant proteins
precipitating with the beads alone) and incubate the remaining
dishes with 1.5 ml of ice-cold PBS-CM + 0.5 mg/ml EZ-Link
sulfo-NHS-SS-biotin for 30 min (see Notes 16-20).

3. Aspirate all the labeling buffer and discard. Rinse cells twice
with 2 ml of ice-cold quenching bufter.
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3.3.2 ForAssessing
the Rate of CFTR
Endocytosis Proceed
as Follows

4.

10.

11.

12.

13.

Quench the reaction for 10 min with 2 ml of fresh quenching
buffer (ice cold).

. Wash 3x with 2 ml of ice-cold PBS-CM.
. Stop here and proceed to subheading 3.3 (Step 15) for the

endocytosis assay procedure.

. Lyse cells on ice with 250 pl of ice-cold PD-buffer supple-

mented with protease inhibitors, scrape cells, and collect whole
lysates to 1.5 ml microcentrifuge tubes. Centrifuge for 5 min
at 10,000 x g at 4 °C.

. Save 40 pl of cleared lysates to new microcentrifuge tubes con-

taining 40 pl of 2x Laemmli buffer (to assess total CFTR levels
in the samples).

. Pass 200 pl of the cleared lysates to new 1.5 ml microcentri-

fuge tubes.

Add 50 pl of pre-blocked streptavidin bead slurry to each tube
and rotate for 1 h at 4 °C.

Centrifuge for 1 min at 5000xyg, discard supernatant, and
wash 3-5 times with wash buffer.

Remove the supernatant, dry the beads, and elute captured
protein with 25 pl of DTT-containing 2x Laemmli buffer.

Analyze samples by Western blot as described in Subheading 3.1.

. Before starting, warm a flask containing the necessary volume

of culture medium (~2 ml/dish) to 37 °C.

. After biotinylation of cell surface proteins (Subheading 3.3.1,

Steps 1-5, see above) place all the 60 mm dishes on ice in a sty-
rofoam box with lid and take them near an incubator at 37 °C.

. Keep the dishes corresponding to the time, “with out biotin,”

“without striping,” (which will return the total amount of
CFTR initially labeled at the cell surface), and “0 min” (where
no surface-labeled CFTR is yet internalized) on ice.

. Replace the bufter in all remaining dishes with 2 ml of warm

medium and incubate at 37 °C for the required periods, e.g.,
1,2.5,5,7.5, and 15 min.

. At each time point, quickly discard the buffer, add 2 ml of ice-

cold PBS-CM to the dish, and place it back on the ice box.
Keep the lid closed and return the dishes to the cold room as
soon as possible.

. Back in the cold room, discard the buffer of all dishes, and

wash with 2 ml of fresh, ice-cold PBS-CM.

. Add 2 ml of stripping buffer to the 0, 1,2.5,5,7.5, and 15 min

dishes and incubate on ice for 15 min at 4 °C. Repeat this step
three times, discarding the buffer and adding 2 ml of fresh
stripping buffer each time to each dish (total stripping time:
45 min divided in three independent washes).
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8. Aspirate all the stripping buffer and discard. Rinse cells 3-5
times with 2 ml ofice-cold PBS-CM and proceed with cell lysis
and pull-down as above (Subheading 3.3.1, Steps 7-13).

CFTR is N-glycosylated at two asparagine residues located in the
fourth extracellular loop (N894 and N900). As occurs with mem-
brane and secreted proteins, glycosylation occurs co-translationally
at the ER and the 14-unit glycan is then processed through its traf-
ficking in the endoplasmic reticulum and Golgi complex.

Treatment of CFTR with different glycosidases can then be
used to assess if the protein passed through different compart-
ments along its secretory trafficking, as shown for wt- and F508del-
CFTR (Fig. 4).

Treatment with endoglycosidase H (endoH) assesses protein
exit from the ER and reaching the cis Golgi. The ER immature
forms are sensitive to endoH whereas later /fully processed forms
are endoH resistant.

Treatment with PNGase F (N-glycanase) is used to assess the
presence of all sorts of N-linked glycans, as the enzyme hydrolyzes
the N-glycosidic bond connecting the glycan to the protein’s
asparagine residues.

Treatment with either neuraminidase or fucosidase will iden-
tify if the protein reached the latter cisternae of the Golgi complex
where sialic (N-acetylneuraminic) acid or fucose residues are
attached to protein-linked glycans. Thus, resistance to treatment
with either enzyme will indicate that the protein does not possess
such residues, whereas a decrease in molecular weight upon treat-
ment will indicate that they are present in the glycan unit.
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Fig. 4 Analysis of the glycan moieties of wt- and F508del-CFTR with different
glycosidases (endoglycosidase H, PNGase F/N-glycanase, neuraminidase, and
fucosidase). Following endoH-treatment, a shift is observed in CFTR immature
but not in CFTR mature form. Following N-glycanase treatment, all forms are
digested, this corresponding to removal of all N-linked glycans, resulting in the
de-glycosylated primary CFTR amino acidic chain, also called band A. Following
treatment with neuraminidase or fucosidase, there is a shift only in wt-CFTR
mature form
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3.5 Microscopy-
Based Assays

to Determine Traffic
Efficiency

and Endocytosis

in Inducible Systems

1. Seed BHK cells expressing CEFTR on 60 mm dishes 24 h before
experiment. The seeding density should be such that cells are
at sub-confluency at the time of starting the experiment.

2. Label cells for 3 h with 150 pCi of [3*S]-methionine /cysteine
(for details see above Subheading 3.2).

3. After labeling, wash cells twice with ice-cold PBS, lyse them in
1 ml of complete RIPA buffer as above, and add anti-CFTR
antibody and protein G-sepharose beads as above (see
Subheading 3.2).

4. Incubate overnight at 4 °C with rotation.

5. Wash three times with 1 ml of RIPA and elute in 40 pl of
sample buffer (see Subheading 2.1).

6. Prepare the glycosidase reactions as follows:

Endoglycosidase H Neuraminidase

30 pl of protein sample 30 pl of protein sample

5 pl of buffer G5 5 pl Sodium phosphate
buffer 0.5 M pH 6

1 pl of endoglycosidase H 1 pl of neuraminidase

Bidistilled H,O to 50 pl Bidistilled H,O to 50 pl

PNGase F Fucosidase

30 pl of protein sample 30 pl of protein sample

5 pl of buffer G7 5 pl of sodium phosphate
buffer 0.5 M pH 5

5 pl of NP-40 10% 1 pl of fucosidase

1 pl of PNGase F Bidistilled H,O to 50 pl

Bidistilled H,O to 50 pl

7. Incubate the reactions overnight at 37 °C.

8. Run the samples in a 20 cm gel (see above Subheading 3.2) (see
Note 21).

9. Treat, dry, and expose gel as above (Subheading 3.2) (see
Note 22).

The CFTR traffic assay is based on the quantification of CFTR traf-
fic efficiency in CFBE or A549 cell lines which express a double-
tagged CFTR construct: an mCherry-CFTR fusion molecule
(wt- or F508del-) harboring a Flag tag insertion at the fourth
extracellular loop (Fig. 5), as described in [12]. By performing
immunofluorescence labeling in unpermeabilized fixed cells, Flag
tags (i.e., CFTR molecules) located at the PM—but not else-
where—can be detected (Alexa 647) (see Note 23). Then, the frac-
tion of CFTR molecules delivered to the PM—i.c., the traffic
efficiency—is determined in each cell as follows:
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PMCFTR _ Alexa Fluor® 647 Integrated Fluorescence
Total CFTR mCherry Integrated Fluorescence

CFTR traffic efficiency =

This assay can be coupled to RNAi or chemical compound treat-
ments. In these cases, the inducible Tet-ON promoter allows initi-
ating CFTR expression only after the onset of knockdown or
compound effect (Fig. 5).
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Fig. 5 Overview of the microscopy-based CFTR traffic assay. (a) The basis for the traffic assay is a CFTR traffic
reporter which is a double-tagged (mCherry and Flag) CFTR molecule (wt- or F508del-variants), whose gene
has been stably integrated into A549 or CFBE cell lines. The Flag tag resides at CFTR’s fourth extracellular loop
and only becomes extracellular if the protein successfully traffics to the PM. By immunostaining the Flag tag
in unpermeabilized cells, the fraction of CFTR molecules at the PM can be detected. (b) Fluorescence micros-
copy imaging of the mCherry-Flag-CFTR constructs. wt-CFTR was expressed at 37 °C and F508del-CFTR was
expressed at either 37 or 26 °C. No siRNAs or correctors were used. Images were acquired using a metal
halide light source (Leica EL6000) at maximum brightness, a 10x N.A. 0.4 objective, a Leica DFC365 FX CCD
camera, and the following filter cubes: Leica N.21 (mCherry) and a custom excitation BP 645/30; emission LP
670 filter cube (Alexa 647). Under these conditions, the exposure times for Cherry and Alexa 647 were 1.3 and
8 s, respectively. Scale bar=50 pm. (c) Quantification of the images in panel b, showing the rescue of
mCherry-Flag-F508del-CFTR at low temperature
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3.5.1 CFTR Traffic Assay

3.5.2  Fluorescence
Staining of Extracellular
Flag Tags

1.

Culture CFBE/A549 mCherry-Flag-CFTR cells (wt- or
F508del-) to confluency in 10 cm dishes using DMEM supple-
mented with FBS, blasticidin, and puromycin (see Note 24).

. Split cells to ~50 % confluency.
. 24 h later, trypsinize and seed cells: 20,000 cells/well (8-well

chambered cover slips or 96-well plates), or 3000 cells/well
(384-well plates) (see Note 25). This defines time =0 h (see
Note 26). For the negative controls add scrambled siRNA or
DMSO. For the positive control, add COPB1 siRNA (wt-
CFTR) or 3 pM VX-809 (F508del-CFTR). Seeding of 96- and
384-well plates must be performed with an automated dis-
penser (see Note 27).

4. Grow cells at 37 °C and 5% CO.,.

6.

. Induce CFTR expression with doxycycline (1 pg/ml) at

t=48 h (wt-CFTR) or £=24 h (F508del-CFTR).

Incubate cells until #=72 h and immunostain extracellular Flag tags.

When 96- or 384 well plates are used, all pipetting steps can be
significantly expedited by using a 96-channel pipette. In this case,
all solutions must be previously dispensed in 96-well source plates.
DPBS** can be dispensed from a deep-well reservoir.

1.
2.

N Ul W

Wash the plate once with ice-cold DPBS** (see Note 28).

Add mouse anti-Flag antibody: 45 pl/well (8 well), 30 pl/well
(96 well), or 15 pl/well (384 well) (see Note 29).

. Spin down plates (maximal centrifugal field: ~50x ) (se¢ Note 30).
. Incubate plate for 1 h at 4 °C.

. Rinse three times with ice-cold DPBS**.

. Fix the cells with 3% (w/v) paraformaldehyde for 20 min at

4 °C (see Notes 31 and 32). Typical volumes are 100 pl/well
(8 well), 80 pl/well (96 well), and 40 ul/well (384 well). All
further steps are performed at room temperature.

7. Wash three times with DPBS*.

13.
14.
15.

. Add goat anti-mouse Alexa 647-conjugated antibody. Use the

same volumes as in step 2.

. Spin down plates (maximal centrifugal field: ~50 x g).
10.
11.
12.

Incubate plate for 1 h at room temperature.
Wash three times with DPBS*.

Add Hoechst 33342 for nuclei staining. Use the same volumes
as in step 6.

Incubate plate for 1 h at room temperature.
Wash three times with DPBS*.

Submerge cells in DPBS*. Use the same volumes as in step 6.



3.5.3 Wide-Field
Fluorescence Image
Acquisition

3.5.4 Image Analysis

16.
17.
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Incubate DPBS** overnight at 4 °C in the dark (see Note 33).
Store plates at 4 °C in the dark until imaging (se¢ Note 34).

Imaging of multiwell plates can be performed with any wide-field
fluorescence screening microscope (see Note 35).

1.

Input the exact dimensions of the plate’s well matrix into the
microscope software.

. Set up multiposition imaging: For statistical reasons, each well

should be imaged in at least four sub-positions.

. Set up autofocus based on the nuclei (Hoechst) staining.

. Choose exposure time and filter sets for Hoechst, mCherry,

and Alexa 647 (visualization of nuclei, total CFTR, and PM
CFTR) (see Note 36).

. Start automated image acquisition.

. Quantify mCherry and Alexa 647 fluorescence as well as the

mCherry/Alexa 647 ratio on a cell-by-cell basis using
CellProfiler. A previously published analysis pipeline [12] is
schematically depicted in Fig. 6.

. It is convenient to express the overall quantification of a given

image by the mean or median value of all cells in an image.

. The quantification result can be expressed as the absolute value

or the deviation to negative controls. HT'M Explorer, an excel-
lent software tool for interactive data visualization, quality con-
trol, and statistical analysis of HCM data, has been created by
Dr. Christian Tischer (EMBL, Heidelberg) and is freely avail-
able at https: //github.com /tischi/HTM_Explorer. This tool
is based on and requires the installation of the R software

(https://cran.r-project.org/).

4 Notes

. Store at =20 °C as single-use vials.

. When preparing RIPA buffer, be aware that sodium deoxycho-

late is an irritant, so wear a mask.

. The compound is stable up to 6 months (DMSO solubilized,

-80 °C) or 3 years (powder, -20 °C).

4. Add CaCl, and MgCl, just before use.

AN G

. Alternatively, 3% solutions can be stored at =20 °C.
. This is a lyophilized gelatine/sucrose/lipofectamine/siRNA

coating which is quickly rehydrated and uptaken by cells at the
moment of seeding. It is stable at room temperature if stored
under desiccation conditions [15].


https://github.com/tischi/HTM_Explorer
https://cran.r-project.org/
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Fig. 6 Image analysis workflow for the quantification of CFTR traffic efficiency. The experimental outputs of the
CFTR traffic assay are wide-field fluorescence microscopy images for three fluorophores: Hoechst 33342
(nuclei), mCherry (Total CFTR), Alexa 647 (CFTR molecules located at the PM). The Hoechst image is used for
nuclei segmentation. The cytoplasm is segmented through dilation of the nuclei objects. Both CFTR channels
are background corrected (via flat-field correction or subtracting illumination functions generated in silico).
Using the segmentation data, cells presenting apoptotic- or mitotic-like morphology, without CFTR expression,
or containing saturated pixels are excluded. Finally, a set of “approved cells” is established, all of them being
characterized by the integrated mCherry and Alexa 647 fluorescence intensity as well as by the corresponding
traffic efficiency (PM/Total CFTR). The analysis pipeline can be readily implemented in CellProfiler to enable the
simultaneous analysis of large image datasets
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. In some cell types increasing acrylamide concentration up to

9% can decrease the smearing of band C allowing for better
densitometric analysis of band intensity. The gel can be run
until the 50 kDa marker is 0.5 cm above the bottom of the gel.

. The pulse-chase procedure can be applied to different cell lines

expressing CFTR. However, the duration of the pulse may
need to be adjusted to obtain enough initial labeling.

. In the pulse-chase experiment, each time point (durations of

chase) corresponds to one P60 cell culture dish.

Addition of cycloheximide during the chase period is done to
inhibit incorporation of the radioactive amino acids that were
taken into the cell but not used for protein synthesis during the
pulse period. As it is toxic, its use is optional and may depend
on the cell line. So, perform first a test to assess if labeled CFTR
levels go up in the first 30 min of chase. If so, use then
cycloheximide.

Samples can be frozen (at -70 °C) either after clearing the
lysates or before the immunoprecipitated proteins are loaded
into the gel.

Other antibodies can be used in this procedure as long as they
are efficient in CFTR immunoprecipitation.

To wash the beads, use a 2 or 5 ml syringe with a 21 G needle
to aspirate RIPA. Do not vacuum aspiration as this tends to
lead to sample loss.

In the first times you run a set of samples in a gel, you may
consider using a radiolabeled protein molecular weight stan-
dard ([methyl-1*C] methylated, protein molecular weight
markers, Perkin-Elmer NEC811001UC). The CFTR pattern
is usually very clear, so in general there is no need for contin-
ued use of the molecular weight standard.

The initial washing steps should be carried out gently with eas-
ily detachable cells (such as BHK or HEK-293 cells) but vigor-
ously with highly adherent cells (such as Hel.a or specially
CEFBE cells) to ensure the removal of all unviable, biotin-
permeable cells, so as to minimize contamination of the assays
with biotin-labeled intercellular proteins.

CAUTION: Solubilizing the sulfo-NHS-SS-biotin in DMSO
may increase its cell permeability leading to contamination of
the assay with intracellular proteins. The water solubility of
sulfo-NHS-esters eliminates the need to dissolve the reagent in
an organic solvent.

Sulfo-NHS esters should be dissolved in water just before use
because they hydrolyze easily.

The purity of the reagent is of the utmost importance to avoid
the isolation of intracellular protein. Cheaper reagents may
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19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.
31.

32.

33.

contain high proportion of desulfonated NHS-biotin that is
cell membrane permeable.

There is some flexibility in the conditions for conjugating
NHS-esters to primary amines. Incubation temperatures can
range from 4 to 37 °C, pH values in the reaction range from 7
to 9, and incubation times range from a few minutes to 12 h.

Buffers containing amines (such as Tris or glycine) must be avoided
because they compete with the protein biotinylation reaction.

In some protocols, after the hydrolysis with the glycosidases,
there is an additional protein precipitation step with either
ethanol or trichloroacetic acid. The precipitate is then dis-
solved and loaded in the SDS-PAGE gel. This step is dispens-
able as the solubilization is usually difficult, and most of the
times this reflects negatively on the band pattern obtained. The
hydrolysis reaction can be loaded directly.

Alternatively to the use of extracts from metabolically labeled
cells, the treatment with glycosidases can be done using total
extracts (prepared as in Subheading 3.1). After cell lysis and
protein quantification, the reactions can be prepared as in
Subheading 3.4, step 6, using 50 pg of total protein. After
overnight incubation at 37 °C, the samples can be analyzed by
Western Blot with an anti-CFTR antibody (see above
Subheading 3.1). Autofluorescence is minimized by choosing
blue and red/infrared-emitting fluorophores.

Autofluorescence is minimized by choosing blue or red /infra-
red-emitting fluorophores.

Blasticidin and puromycin are the selection agents for the
mCherry-Flag-CFTR construct.

Cell amounts are chosen such that a near-confluent cell mono-
layer is formed by the end of the assay.

From this point onwards, blasticidin and puromycin can be
withdrawn from the culture media.

This ensures seeding homogeneity throughout all wells in a plate.
A 4 °C temperature is required to inhibit CFTR endocytosis.

These volumes minimize antibody usage and are provided as a
suggestion

A low centrifugal field ensures that the cells are not disrupted.

Fixation masks the Flag epitope and therefore can only be per-
formed after adding the primary antibody.

Paraformaldehyde solutions are irritating and carcinogenic.
Such solutions must be handled in a chemical fume hood and
disposed of in dedicated containers.

Overnight incubation is required for the Hoechst dye to fully
diffuse into the nuclei, since cells are not permeabilized during
this protocol.
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34. Multiple plates can be stained in parallel. If stained plates are
stored at 4 °C in the dark, imaging can occur within 1 week of
staining without appreciable fluorescence loss.

35.

A confocal microscope is not desirable because the assay read-

out is whole-cell fluorescence.

36.

mCherry and Alexa 647 fluorescence cannot be spectrally sep-

arated with most conventional filter sets. To avoid mCherry
fluorescence bleed-through, we use a custom filter cube for the
Alexa 647 channel: excitation BP 645 /30; emission LP 670.
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Chapter 8

Quantification of a Non-conventional Protein Secretion:
The Low-Molecular-Weight FGF-2 Example

Tania Arcondéguy, Christian Touriol, and Eric Lacazette

Abstract

Quantification of secreted factors is most often measured with enzyme-linked immunosorbent assay (ELISA),
Western Blot, or more recently with antibody arrays. However, some of these, like low-molecular-weight
fibroblast growth factor-2 (LMW FGEF-2; the 18 kDa form), exemplify a set of secreted but almost non-dif-
fusible molecular actors. It has been proposed that phosphorylated FGF-2 is secreted via a non-vesicular
mechanism and that heparan sulfate proteoglycans function as extracellular reservoir but also as actors for its
secretion. Heparan sulfate is a linear sulfated polysaccharide present on proteoglycans found in the extracel-
lular matrix or anchored in the plasma membrane (syndecan). Moreover the LMW FGEF-2 secretion appears
to be activated upon FGEF-1 treatment. In order to estimate quantification of such factor export across the
plasma membrane, technical approaches are presented (evaluation of LMW FGEF-2: (1) secretion, (2) extra-
cellular matrix reservoir, and (3) secretion modulation by surrounding factors) and the importance of such
procedures in the comprehension of the biology of these growth factors is underlined.

Key words LMW FGEF-2 secretion, NaClO;, Heparinase II, FGE-1 stimulation

1 Introduction

FGEF-2 is a prototype of the heparin-binding growth factor family and
includes five isoforms resulting from alternative translation initiation
at four noncanonic initiation CUG codons and one AUG codon [1].
The smallest isoform (LMW FGF-2, 18 kDa) is mainly cytoplasmic
and released from the cell despite the absence of any signal peptide
[2]. LMW FGE-2 is exported via a non-vesicular mechanism based
on direct translocation of cytoplasmic proteins across the plasma
membrane [3]. This unconventional secretion involves cell surface
heparan sulfate proteoglycans components and phosphorylation of
LMW EGF-2 by the Tec kinase complex (Fig. 1) [4, 5]. In addition,
it has been proposed that FGF-1 stimulation could induce the LMW
FGF-2 secretion pathway [6]. LMW FGF-2 amount is under the
limit of detection (using the Western blot method) in conditioned
media unless they are significantly overexpressed, and then only in

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_8, © Springer Science+Business Media New York 2016
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Fig. 1 Schematic representation. The 22, 22.5, 24, and 34 kDa high-molecular-weight FGF-2 (HMW FGF-2)
exhibit one or two nuclear localization sequence (NLS) in their extended amino-terminus and are addressed to
the nucleus (intracrine response) whereas the 18 kDa form or low-molecular-weight FGF-2 (LMW FGF-2) is
phosphorylated by the Tec Kinase and secreted by an unconventional mechanism, namely direct translocation.
The latter form can interact with heparan sulfate (HS) and constitute a reservoir, but can also interact with the
FGR-1 receptor (autocrine and paracrine response); they only express FGFR receptor at detectable levels
among FGR receptors in Hela cells. Specific binding of LMW FGF-2 to its cognate receptor parallels binding to
heparan sulfate. Heparan sulfate proteoglycan (HSPG) anchored in the plasma membrane such as Syndecan 4
binds the LMW FGF-2 and possesses an FGF-2 noncanonic signalization pathway (endothelial cells)

specific cells [2, 7, 8]. Interestingly, a higher plasma level of FGF-2
has been found in patients treated with anti-vascular endothelial
growth factor therapies [9-13]. These findings highlight the role of
LMW FGEF-2 in potentially mediating resistance to these therapies,
the interplay between these angiogenic factors, and the importance
of the surrounding molecular actors in vivo. LMW FGEF-2 differs
from the other major angiogenic growth factor namely vascular
endothelial growth factor A (VEGF-A) where alternative splicing
modulation can yield a highly diffusible isoform lacking the heparin-
binding domain [14]. On the other side, LMW FGEF-2 exhibits a
non-spliced heparan sulfate-binding region leading to the formation
of a reservoir in the extracellular matrix. These molecules have also
been viewed as accessory co-receptors serving to facilitate FGF-2
tyrosine kinase receptor binding. LMW FGF-2 binds to heparan sul-
fate from proteoglycans in the extracellular matrix or anchored in the
plasma membrane (syndecan 4) with a dissociation constant of 10-8—
10~ but also to integrins [15].
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Consequently, estimation of LMW FGF-2 secretion needs to
take account of the reservoir but also the outcome of surrounding
factors such as FGF-1 proposed to increase release of LMW FGE-2
into conditioned media [6]. The methods presented in this chapter
summarize current protocols to efficiently quantify LMW FGE-2
reservoir and LMW FGF-2 secretion in conditioned media but also
an approach to estimate the role of surrounding factors. Sodium
chlorate pretreatment (24 h) of the cell culture ensures the release
into the conditioned media during the following 24 h and conse-
quently enables to evaluate secretion of LMW FGEF-2. Heparinase
II treatment allows estimating LMW FGEF-2 trapped in the extra-
cellular matrix. Finally, induction with FGF-1 enables to evaluate
the effect of a surrounding factor on LMW FGEF-2 secretion in
conditioned media taking into account that the extracellular matrix
is already saturated. To quantity LMW FGEF-2 the ELISA method
has been chosen and allows detection in a range of 12.5-800 pg/
ml with a minimum measurable dose at 7.5 pg/ml.

2 Materials

2.1 Cell Type

2.2 Media
and Solutions

1. Hela cells were obtained from ATCC (ref® CCL-2™). They
are adenocarcinoma cells deriving from cervix epithelial cells
expressing FGF-2 [16] and they only express FGFR1 receptor
at detectable levels among FGFRs [17].

2. Cells were propagated in 60.1 cm? culture dishes.

3. LMW FGEF-2 secretion was estimated in 6-well (8.96 ¢cm?/
well) tissue culture test plates.

Solutions are prepared with MilliQ water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). Follow all waste disposal regulations.
NaClO; is a corrosive agent, so wear gloves and a mask to weigh
powder.

1. Propagation medium: Dulbecco’s modified Eagle’s medium
(DMEM) 1 g/L glucose supplemented with I-glutamine 100x,
10% fetal bovine serum (FBS), and 100x penicillin /streptomycin.

2. Cell passaging and splitting were performed with the use of
trypsin—-EDTA solution and Dulbecco’s phosphate-buffered
saline.

3. 3 M NaClOj; (100x) solution: Weigh 6.39 g NaClO; in a glass
beaker. Add about 15 ml water in the glass beaker and dissolve
with a magnetic stirrer. Transfer to a 50 ml graduated cylinder
and make up to 20 ml with water. Filter sterilize with a syringe
and a 0.22 pm filter. Store at room temperature.
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2.3 Incubator
and Growth Condition

2.4 ELISA Test

4.

DMEM 10% FBS with and without sodium chlorate (NaClOj;):
Add 5 ml EBS, 500 pl penicillin/streptomycin, and 500 pl glu-
tamine to 50 ml DMEM 1 g/I glucose and 500 pl or not of 3 M
NaClOj; (30 mM final concentration) in 50 ml Falcon tubes.

. DMEM 0,1 % EBS with and without sodium chlorate (NaClO;):

Add 50 pl EBS, 500 pl penicillin/streptomycin, and 500 pl glu-
tamine to 50 ml DMEM 1 g/I glucose and 500 pl or not of 3 M
NaClOj; (30 mM final concentration) in 50 ml Falcon tubes.

. FGF-1 1 pg/ml (100x) solution: Add 10 ml sterile water for

10 pg of lyophilized FGF-1 (ref: GTX65081; Euromedex),
shake the container to dissolve powder, and make aliquots of
250 pl. Store at -20 °C.

. Heparinase II solution (100x): Reconstitute lyophilized pow-

der of a 25 units vial with 250 pl sterile water. Store at =20 °C.

. 50 ml Syringe (TERUMO).
. 0.22 pm Filters.
. PBS (Dulbecco’s phosphate-buffered saline).

. Cells were incubated in a humid CO, incubator maintained at

37 °C and 5% CO,. A subcultivation ratio between 1:2 and 1:6
was maintained and medium was renewed 2-3 times per week. All
media or PBS 1x is kept at 4 °C and preheated at 37 °C before use.

. LMW FGF-2 concentration was measured with the human

bFGF/FGF2 (basic fibroblast growth factor) commercial
ELISA kit (ref: MBS2505069; BioSource).

. 100 pl of sample per well is used; consequently to work in the

detection range (12.5-800 pg/ml), under some conditions
culture media can be concentrated by Centricon Plus-70 cen-
triftugal Filter Units-10 kDa (ref: UFC701008; Millipore)
according to the manufacturer’s instructions (sec Note 1).

. Absorbance measurements for ELISA were performed at

450 nm with background subtraction at 620 nm using an Asys
UVM340 microplate reader (BIOCHROM?®). Data were col-
lected and analyzed with the MikroWin™ 2000 software.

3 Methods

3.1 Sodium Chlorate
Treatment: Evaluation
of LMW FGF-2

Secretion During 24 h

Chlorate ion is a competitive and a reversible inhibitor of proteoglycan
sulfation because it competes for sulfate recognition by ATP sulfurylase
[18]. LMW FEGF-2 interacts with a specific HS sequence that consists
of a hexasaccharide containing 2-O-sulfated iduronic acid and

N-sulfated glucosamine [19]. Twenty-four-hour pretreatment of cell

cultures with 30 mM sodium chlorate will suppress sulfation and con-
sequently impair LMW FGEF-2 binding to heparan sulfate (sez Note 2).
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. Wash the desired wells with 2 ml PBS 1x of the subconfluent

cell culture in 6-well tissue culture test plates.

. Pretreat cells for 24 h in the incubator with 30 mM sodium

chlorate in DMEM 10% FBS: Add 2 ml of supplemented
DMEM 10% FBS plus sodium chlorate. Untreated cells are
incubated in the same media without sodium chlorate.

. Remove the media and wash each well twice with 2 ml PBS 1x.
4. Add 2 ml of supplemented DMEM 0.1% FBS and 30 mM of

sodium chlorate and incubate for 24 additional hours in the
incubator. Untreated cells are incubated in the same media
without sodium chlorate (sec Note 3).

. Recover the media in a 1.5 ml test tube.

6. Centrifuge at 500xg during 10 min in order to clear the

sample.

. Use 100 pl of the cleared media to perform the ELISA test

according to the manufacturer’s recommendations (se¢ Notes
4 and 5).

. Wash the desired wells twice with 2 ml PBS 1x of the subcon-

fluent cell culture in 6-well tissue culture test plates.

. Add 2 ml of DMEM 0.1% FBS or DMEM 10% FBS without

NaClQs; in the desired wells and incubate for 24 h in the incu-
bator (se¢e Notes 6 and 7).

. Wash the wells twice with 2 ml PBS 1x.
4. Add in the desired wells 1 ml of heparinase 11 solution (1 ml of

PBS with 10 pl of the heparinase II stock solution). In control
wells (for each condition), add 1 ml of PBS. Incubate for 1 h
at 37 °C.

. Recover the supernatant in a 1.5 ml test tube.

6. Centrifuge at 500xg during 10 min in order to clear the

sample.

. Use 100 pl of the cleared supernatant to perform the ELISA

test according to the manufacturer’s recommendations.

. Wash the desired wells twice with 2 ml PBS 1x of the subcon-

fluent cell culture in 6-well tissue culture test plates.

. Add 2 ml of DMEM 0.1 % FBS in each well and incubate for

24 h in the incubator.

. Wash the wells twice with 2 ml PBS 1x.
4. Add in the desired wells 2 ml DMEM 0.1% FBS with 20 pl

FGE-1 100x solution (stimulation). In control wells, add 2 ml
DMEM 0.1% FBS (unstimulated conditions). Incubate for
24 h the 6-well tissue culture test plates in the incubator.
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Fig. 2 LMW FGF-2 secretion after FGF-1 stimulation. Hela cells were stimulated
or not by FGF-1 and LMW FGF-2 was measured by ELISA. **P<0.005 (-test)
Bars = SEM

. Recover the media in a 1.5 ml test tube.

6. Centrifuge at 500xg during 10 min in order to clear the

sample.

. Use 100 pl of the cleared media to perform the ELISA test

according to the manufacturer’s recommendations.

. The induction is represented in a graph as pg/ml under

unstimulated or stimulated conditions (Fig. 2).

4 Notes

. In the case of Centricon use, concentration calculation is nec-

essary; results must take into account the final volume obtained
after concentration.

. Using the sodium chlorate method, binding experiments have

shown that this treatment reduced the specific binding of
FGF-2 to heparan sulfate by more than 80% [15].

. This experiment is presented when cells are not stimulated by

surrounding molecular actors but can also be performed in
DMEM 10% FBS when cells are continuously stimulated by
surrounding factors.

. For better accuracy, perform each condition in triplicate using

100 pl aliquots for ELISA measurement.

. For ELISA analysis, the standard curve should be examined for

linearity; and experimental measurements should be comprised
in the range of the FGF-2 standard, i.e., between 12.5 and
800 pg/ml.
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6. Incubation in DMEM 0.1 % FBS or DMEM 10 % FBS is useful
to estimate the saturation of the reservoir as LMW FGF-2 is
stable and protected from inactivation when it is bound to
heparan sulfate [20]. In DMEM 10% FBS, stimulation by sur-
rounding factors is continuous.

7. Always prepare desired conditions with control wells as they
will be treated or not by heparinase II.

This work was supported by “La ligue contre le cancer”
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Chapter 9

Human Primary Keratinocytes as a Tool for the Analysis
of Caspase-1-Dependent Unconventional Protein Secretion

Gerhard E. Strittmatter, Martha Garstkiewicz, Jennifer Sand,
Serena Grossi, and Hans-Dietmar Beer

Abstract

Inflammasomes comprise a group of protein complexes, which activate the protease caspase-1 upon sens-
ing a variety of stress factors. Active caspase-1 in turn cleaves and thereby activates the pro-inflammatory
cytokines prointerleukin (IL)-1f and -18, and induces unconventional protein secretion (UPS) of mature
IL-1p, IL-18, as well as of many other proteins involved in and required for induction of inflammation.
Human primary keratinocytes (HPKs) represent epithelial cells able to activate caspase-1 in an
inflammasome-dependent manner upon irradiation with a physiological dose of ultraviolet B (UVB) light.
Here, we describe the isolation of keratinocytes from human skin, their cultivation, and induction of
caspase-1-dependent UPS upon UVB irradiation as well as its siRNA- and chemical-mediated inhibition.
In contrast to inflammasome activation of professional immune cells, UVB-irradiated HPKs represent a
robust and physiological cell culture system for the analysis of UPS induced by active caspase-1.

Key words Unconventional protein secretion, Keratinocytes, Inflammasomes, Caspase-1, UVB irra-
diation, Interleukin-1

1 Introduction

Unconventional protein secretion (UPS), although known for sev-
eral decades, is still a poorly characterized and understood pathway
(Nickel, 2003). Several proteins, such as interleukin (IL)-la or
fibroblast growth factor (FGF) 2, which are believed to be secreted
independently of a signal peptide, play important roles in inflam-
mation and repair, suggesting that UPS is linked to these processes
(Monteleone etal., 2015; Nickel & Rabouille, 2009). Inflammation
and subsequent repair are induced by different types of tissue
stress, which can also cause cell death and lysis associated with the
passive release of intracellular proteins. This complicates examina-
tion of stress-induced UPS, since it is difficult to discriminate
between regulated secretion of leaderless proteins and their passive
release upon cell lysis.

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_9, © Springer Science+Business Media New York 2016
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Inflammasomes represent a group of innate immune com-
plexes, which are able to sense a variety of different stress factors
(Strowig et al., 2012). This sensing induces complex assembly and
activation of the protease caspase-1. Once activated caspase-1
cleaves and thereby activates the pro-inflammatory cytokines
prolL-1p and -18, which both lack a signal peptide and whose
secretion induces an inflammatory response. Caspase-1 activity can
also induce a lytic form of cell death termed pyroptosis. Pyroptosis
proceeds independently of classic apoptotic caspases but requires
caspase-1 or caspase-11 only(Bergsbaken et al., 2009; Jorgensen &
Miao, 2015). Inflammasomes have been mainly characterized in
immune cells such as macrophages and dendritic cells. However,
also human primary keratinocytes (HPKs), epithelial cells forming
the outermost layer of the skin, express inflammasome proteins.
Irradiation of HPKs with a physiological dose of UVB light results
in inflammasome-dependent caspase-1 activation and in turn in
secretion of active IL-1f and IL.-18 (Feldmeyer et al., 2007). This
is most likely of physiological significance, since skin inflammation
(sunburn) is reduced in UVB-irradiated mice lacking caspase-1
expression in comparison to wild-type mice (Feldmeyer et al.,
2007). Experiments with UVB-irradiated HPKs revealed caspase-1
activity as an inducer of UPS (Keller et al., 2008). In addition, a
proteomics approach allowed the identification of more than 50
proteins without a signal peptide released by the unconventional
pathway induced by caspase-1 activity. These proteins included
already known unconventionally secreted polypeptides as well as
others, whose secretion was not yet described at this time. Several
of these novel members of the UPS family play important roles in
inflammation, repair, cell death, and cytoprotection (Keller et al.,
2008). Caspase-1-dependent UPS of several proteins could be
confirmed in the human monocytic cell line THP-1 as well as in
human and murine fibroblasts and macrophages, demonstrating
that the identified pathway is of broad relevance (Keller et al.,
2008). However, an open question is whether certain (stress) con-
ditions (perhaps only in certain cell types) induce UPS of a limited
number of leaderless proteins. IL-la secretion for example is
induced upon caspase-1 activation (Keller et al., 2008; Kuida et al.,
1995; Li et al., 1995) but is also released independently of the
protease (Freigang et al., 2013; Gross et al., 2012).

Here, we provide detailed protocols for the isolation of HPKs
from human skin and the cultivation of these cells (Fig. 1). In addi-
tion, we describe the induction of UPS upon inflaimmasome activa-
tion by UVB irradiation and the inhibition of caspase-1 activity
mediated by siRNA-mediated knockdown of caspase-1 expression
or treatment with caspase-1 inhibitors.
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Day S5to 7
HPKs reach 60% confluence.
Fibroblast removal.
HPKs detachment (dilution up to 1:20)
and seeding on new feeder cells.
Medium exchange every second day.

Day 13to 17
HPKs detachment,
. Day 0 preparation of
Digestion of skin aliquots and
biopsy freezing
Days -7 0 1 5 9 13 17

Day -Tto 0
Preparation of
proliferation-incompetent
3T3-J2 feeder cells

Medium exchange (and

Day 9to 13
HPKs reach 60% confluence.
Fibroblast removal.

HPKs detachment (dilution up to
1:10) and seeding without feeder
cells in K-SFM (with EGF and BPE).
Medium exchange every second day.

Day 1

from now on every

second day)

Fig. 1 Timescale for the isolation of HPKs

2 Materials

2.1 Complete
Keratinocyte Medium
(CKM)

Stock solutions (storage temperature and order information):

1.

Dulbecco’s modified Eagle medium (DMEM), store at 4 °C.
Gibco, Life Technologies, Carlsbad, CA (21765)

. F-12 Nutrient Mix (Ham’s), store at 4 °C. Gibco, Life

Technologies, Carlsbad, CA (21765)

. Heat-inactivated fetal bovine serum (FBS), long-term storage

-80 °C, short-term 4 °C. Gibco, Life Technologies, Carlsbad,
CA (10500)

. Antibiotic-antimycotic (Anti-Anti, 100x), long-term storage

-20 °C, short-term 4 °C. Gibco, Life Technologies, Carlsbad,
CA (15240)

. 1.2 mg/ml Adenin: Dissolve in ddH,O (sterile filtered), store

at =20 °C. Sigma, Munich, Germany (A2786)

. 5 mg/ml Apo-Transferrin: Dissolve in ddH,O (sterile filtered),

store at =20 °C. Sigma, Munich, Germany (T1147)

.2 pM 3,3’,5-Triiodo-L-thyronine: Dissolve in ddH,O with

1/50 volume of 1 M NaOH (sterile filtered), store at -20 °C.
Sigma, Munich, Germany (T6397)

. 50 pg/ml Hydrocortisone: Dissolve 0.1 mg in 0.1 ml ethanol,

then add 4.9 ml of sterile ddH,O, and store at -20 °C. Sigma,
Munich, Germany (H0888)
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9. 1 pM Cholera toxin: Dissolve in ddH,O (sterile filtered), and
store at 4 °C. Sigma, Munich, Germany (C8052)

10. 2 mg/ml Insulin: Dissolve in hydrochloric acid, pH=2.5 (sterile
filtered), and store at -20 °C. Sigma, Munich, Germany (16634)

11. 10 pg/ml Epidermal growth factor (EGF): Dissolve in DMEM
with 10% FBS (sterile filtered), and store at —-20 °C. Sigma,
Munich, Germany (E4127)

12. Working solution: 375 ml DMEM, 125 ml F-12 Nutrient Mix,
55 ml EBS, 5.5 ml Anti-Anti, 10 ml adenine, 0.6 ml apo-transferrin,
0.6 ml 3,3’ 5-triiodothyronine, 4.8 ml hydrocortisone, 60 pl chol-
era toxin, 1.5 ml insulin, 0.6 ml EGF (stored at 4 °C).

2.2 Transfection 1. 40 pM solutions of siRNA (e.g., from Sigma, Munich,

with siRNA Germany) in RNase-free ddH,O (sterile filtered) are stored at
-20 °C in aliquots (Fig. 2).

2. INTERFERIn, store at 4 °C. Polyplus, Illkirch, France (409-01)

3. Keratinocyte-SFM  (K-SEM), store at 4°C. Gibco, Life
Technologies, Carlsbad, CA (17005-042)

4. Scrambled (scr): UUCUCCGAACGUGUCACGU[dTdT].
5. Caspase-5: GUGGCUGGACAAACAUCUA[JTAT].

6. VEGF-A: CUGAUGAGAUCGAGUACAU[dTdT].

7. Caspase-1_S1: GGCAGAGAUUUAUCCAAUA[JTAT].

8. Caspase-1_S2: AAGAGAUCCUUCUGUAAAGGU[dTAT].

2.3 Other Materials 1. UVB irradiation: Waldmann (Villingen-Schwenningen,
Germany) UV Therapy System UV 802 L with 80-90 mJ/cm?
broadband UVB and a distance of 6 cm from the lamp.

. Trypsin/EDTA solution, store at 4 °C.

. K-SFM with EGF and BPE. After addition of EGF and BPE the
mediumis stored at4 °C. (seeNote 2). Gibco, Life Technologies,
Carlsbad, CA (17005-42)

w N

Day 5
Day 2 UVB irradiation and
siRNA transfection harvesting
Days 1 2 4 5 »
Day 1 Day 4
HPKs seeding siRNA transfection

Fig. 2 Timescale for knock-down of gene expression by siRNA transfection
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4. Sterile PBS.

5. LDH assay: CytoTox 96 Cytotoxicity Assay (Promega,
Madison, WI).

6. IL-1p ELISA: DuoSet (R&D Systems, Minneapolis, MN,
DY201).

7. 2x SDS loading buffer: 100 mM TRIS/HCIl pH 8.0,20% v /v
glycerol, 10% w/v SDS, 0.01% w/v bromophenol blue,
0.2 M DTT.

8. Antibodies (with dilutions): prolL-1p (R&D Systems,
Minneapolis, MN, MAB201, 1:250); prolL-18 (MBL, Woburn,
MA, PMO014, 1:1000); caspase-1 (Santa Cruz, Santa Cruz, CA,
sc-622, 1:1000); p-actin (Sigma, Munich, Germany, A5441,
1:5000); Gelsolin (Sigma, Munich Germany, G4896, 1:1000);
Bid (Santa Cruz, Santa Cruz, CA, sc-11423, 1:500), Bcl-x.
(Cell Signaling, Danvers, MA, 27648, 1:1000); ASC (Enzo Life
Sciences, Lausanne, Switzerland, ALX-210-905, 1:1000); cyto-
chrome C (Cell Signaling, Danvers, MA, 4280, 1:1000). 3T3]2
mouse embryonic fibroblast cell line (Rhewinwald and Green,
1975). (see Notel).

10 pg/ml mitomycin C in 3T3-]J2 medium, sterile filtered,
—20°C: Sigman, Munich, Germany (M4287).

100 mM Ac-YVAD-CMK (Enzo Life Sciences, Lausanne,
Switzerland, ALX-260-028), a caspase-1 inhibitor, in DMSO,
aliquots stored at —20°C.

20 mM z-VAD-FMK (ALX-260-20), a pan-caspase inhibitor, in
DMSQO, aliquots are stored at —20°C.

3T3-J2 medium: DMEM with 10% FBS and 1% Anti-Anti

3 Methods

3.1 Isolation of Isolation of keratinocytes from human skin was first described in
Human Primary 1975 (Rheinwald & Green, 1975) (see Note 3).

Keratinocytes (HPKs)

1. For the preparation of proliferation-incompetent 3T3-]2 cells
incubate a confluent culture of cells for 2 h in prewarmed 3T3-
J2 medium with 10 pg/ml mitomycin C.

2. Remove the medium, wash the cells three times with PBS, and
detach them by incubation in trypsin/EDTA solution for
about 2 min.

3. Seed the cells at two- to threefold lower density in 6 cm dishes
in fresh 3T3-J2 medium (se¢ Notes 4 and 5).

4. Start with a piece of (fore)skin of approximately 0.5-1 cm?.
However, successful isolation of HPKs is also well possible
with a smaller piece of skin and an accordingly adjusted proto-
col (see Notes 6 and 7).
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5.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

If necessary, disinfect biopsy by a short incubation with 70%
ethanol and remove traces of ethanol by triple washing in ster-
ile PBS (see Note 8).

. Incubate biopsy for 10 min in PBS with 10% Anti-Anti (see

Note 9).

. Wash biopsy three times for 10 min in PBS with 1% Anti-Anti.
. Wash for 10 min in PBS.

. If necessary, remove fat using a scalpel.
10.

Cut the biopsy in a 10 cm dish containing 8 ml trypsin/EDTA
solution with tweezers, scalpel, and scissors in squares of
1-4 mm?.

Incubate for 30 min at 37 °C in an incubator.

Mix the skin pieces with a 10 or 25 ml pipette by pipetting up
and down avoiding air bubbles.

Pour the medium with cells and skin pieces through a 70 pm
cell strainer. The skin pieces are kept for further processing (see
step 16).

Add 12 ml of prewarmed CKM to the trypsin/EDTA solution
containing HPKs and centrifuge for 3 min at 150 x4 and RT.

Remove the supernatant and resuspend the cells in 5 ml pre-
warmed CKM. Remove the medium from a 6 cm dish contain-
ing mitomycin C-treated 3T3-J2 feeder cells and add the cell
suspension. Place the dish in an incubator and change the
medium every second day.

Incubate the remaining skin pieces (from step 13) in 8 ml
trypsin/EDTA solution and repeat the procedure (from steps
11 to 15) a second, third, and fourth time (Note 10).

After about 3 days the first small colonies of HPKs become vis-
ible. After 6-7 days about 60 % of the surface is covered with
keratinocytes.

When reaching a confluency of about 60 %, wash the cells three
times with PBS and incubate with 1 ml of trypsin/EDTA solu-
tion for about 5-10 min or longer (Notes 11 and 12).

Add the cell suspension directly onto new feeder cells in
CKM. HPKs of one 6 cm dish can be diluted in up to three feeder-
containing 15 cm dishes. Change the medium every second day.

When the culture has reached a cell density of about 60 %
detach HPKs as described (step 18). Try to remove fibroblasts
as completely as possible.

After inactivation of trypsin by the addition of the equivalent
volume of FBS, centrifuge the cells for 3 min at 150 xgand RT
and resuspend in prewarmed K-SFM (with EGF and BPE).
HPKs can be diluted at this step up to 1:10. Change the
medium every second day.
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3.2 Culture of HPKs

3.3 Knockdown
of Gene Expression
by siRNA Transfection

22.

When the culture reaches a confluency of about 75 % wash the
cells three times with PBS and remove HPKs with trypsin/
EDTA solution (2.5 ml per T175 flask). Add the same volume
of FBS and centrifuge the suspension for 3 min at 150 x4 and
RT. Resuspend HPKs in K-SFM (with EGF and BPE) with
10% DMSO (3x10°¢ cells/ml), aliquot, freeze, and store in
liquid nitrogen.

Cryopreserved cells isolated according to Subheading 3.1 proliferate
with a doubling time of about 1.5 days and gradually undergo senes-
cence and terminal differentiation, which prevents proliferation
completely after about 2 weeks. Since individual cells differentiate
“completely” rather than all cells “a bit,” the HPK culture becomes
with time more and more heterogenous containing a smaller frac-
tion of cells able to proliferate. Therefore, experiments should be
performed with HPKs of the same, ideally low passage (second after
thawing).

1.

Thaw cryopreserved HPKs (from step 22, Subheading 3.1) at
37 °C, add the cell suspension (without centrifugation) to
10 ml prewarmed K-SFM (with EGF and BPE) in a T75 flask,
and incubate at 37 °C in an incubator. After about 10 h wash
the cells carefully with 10 ml prewarmed K-SFM (with EGF
and BPE) and incubate in 10 ml of fresh medium.

. Change the medium at the second day and if necessary every

second day.

. After one or up to three days HPKs reach a confluency of

about 75-90%. Wash cells three times with PBS and detach
with 1 ml trypsin/EDTA solution. Add 1 ml FBS, centrifuge
the suspension for 3 min at 150 x4 and RT, and resuspend in
prewarmed K-SFM (with EGF and BPE). Dilute HPKs up to
1:10 at this step.

4. Change the medium every second day.

. After 3-5 days (depending on the dilution in step 3) detach

HPKs as described (step 3), count, and seed in new dishes at a
density 0f 0.3-0.4 x 10° cells/ml (e.g., 1 ml volume ina 12-well
dish).

. Change the medium every second day.

. Seed cells (as described in Subheading 3.2, step 5) in the

evening.

. Next morning pipet to 0.2 ml prewarmed K-SFM (without

EGF and BPE) 0.3 pl siRNA (stock 40 pM) and mix the solu-
tion by vortexing (se¢ Note 13). Add 1 pl INTERFERin and
vortex for 15 s. Incubate at RT for 10 min. Since siRNA has
off-target effects use at least two different siRNAs (separately)
for the knock down of expression of a certain gene.
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Fig. 3 Knockdown of caspase-1 expression inhibits UPS by UVB-irradiated HPKs. (a and b) At the first and third
days after seeding, HPKs were transfected with siRNA as indicated, scrambled (scr) and siRNA targeting cas-
pase-5 and VEGF-A expression served as non-related controls. At day four HPKs were irradiated with 86.4 mJ/
cm? UVB and harvested 5 h later. (a) Lysates and supernatants were analyzed for IL-1B production and expres-
sion by ELISA, cell integrity was determined by an LDH assay. (b) Lysates and supernatants were analyzed for
secretion, processing, and expression of the indicated proteins by Western blot. Caspase-1, prolL-1p, prolL-18,
Bcl-y., Bid, and ASC are secreted dependent on caspase-1. ProlL-1f and prolL-18 are substrates of caspase-1.
The secretion of the isolated CARD domain reflects activation and processing of caspase-1. Gelsolin, -actin,
and cytochrome C served as controls (Keller et al., [2008]; Sollberger et al., [2015])

3. Change the medium (1 ml K-SFM with EGF and BPE) of HPKSs.

4. Carefully pipet the transfection mix onto the cells (final siRNA
concentration 10 nM). Mix medium by carefully swinging the
plate. Incubate HPKs at 37 °C in an incubator (5% CO,).

5. Repeat transfection 2 days after first transfection.
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Fig. 4 Inhibition of caspase-1 activity prevents UVB-induced UPS by UVB-
irradiated HPKs. (a and b) Four days after seeding, HPKs were treated with the
caspase-1 inhibitor YVAD (50 pM), with the pan-caspase inhibitor zZVAD (10 pM),
or with the solvent DMSO. Cells were mock treated or irradiated with 86.4 mJ/
cm? UVB and harvested 5 h later. (a) Lysates and supernatants were analyzed for
IL-1B production and expression by ELISA, cell integrity was determined by LDH
assay. (b) Lysates and supernatants were analyzed for secretion, processing, and

expression of the indicated proteins by Western blot

6. Perform experiment the day after (see Notes 14 and 15).

3.3.1 Caspase-1
Inhibitor Treatment of HPKs

1 ml of fresh prewarmed K-SFM (with EGF and BPE).

1. If using cells as described in Subheading 3.2, step 5, treat
HPKSs after 4 days (see Note 13). Remove the medium and add
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3.4 UVB Irradiation
of HPKs

2. Treat cells either with 0.5 pl YVAD (final concentration 50 pM)
or zVAD (final concentration 10 pM). Perform experiment
after 1 h (see Note 16).

3. Use DMSO-treated HPKs as control.

For UVB-induced inflammasome activation and UPS, HPKs should
not be more confluent than 80% (after step 5 in Subheading 3.3 or
step 2 in Subheading 3.3.1, se¢ Note 17). The medium can be
changed 1 h before irradiation (see step 1 in Subheading 3.3.1), but
this step is not necessary. HPKs are irradiated in K-SEM (with EGF
and BPE) with a distance of 6 cm from the UVB lamp. Only broad-
band UVB but not narrowband induces inflammasome activation.
Control cells (mock-treatment) are also removed from the incubator
but irradiated with a cover of aluminum foil. Note that DMSO
inhibits inflaimmasome activation (Ahn et al., 2014). Therefore,
DMSO-treated HPKs represent an essential control, if caspase-1
inhibitors are used.

1. Irradiate HPKsin K-SFM (with EGF and BPE) with 80-90 m] /

cm?.

2. Harvest conditioned medium and cells after 5 h (see Note 18).

3. Collect the medium and centrifuge for 3 min at low speed
(300xg) to pellet cells and debris. The supernatant is frozen
and stored at -20 °C (e.g., for ELISA measurement and LDH
assay, see Note 19), or precipitated with 2.5 volumes of ace-
tone and stored overnight or longer at -20 °C.

4. Centrifuge the acetone precipitation for 1 h at 4 °C and
13,000 x g to pellet the proteins. Remove the liquid phase and
air-dry the pellet for 15 min. Resupend in 1x SDS loading buf-
fer and incubate for 5 min at 95 °C.

5. Harvest lysates either directly in 1x SDS loading bufter for
Western blot analysis. Harvest the cells by scraping them off]
then heat to 95 °C for 5 min, and sonicate. Alternatively, lyse
HPXKs by incubation for 10 min in prewarmed K-SEM with
10% Triton-X100, then pipet up and down, and store lysates at
-20 °C (e.g., for ELISA and LDH assay).

4 Notes

1. Cells can be obtained from Kerafast, Inc. (EF3003, Boston,
MA).

2. Aliquots of medium are prewarmed to 37 °C just before use.

3. This was achieved by plating trypsinized human skin on lethally
irradiated 3713 fibroblasts. Later, particularly the clone 3T3-]J2

has been used for primary keratinocyte isolation and propagation
(Rasmussen et al., 2013) [14]. The isolation of keratinocytes
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10.

11.

with feeder cells is efficient and, depending on the age of the
donor, a lifetime of the culture of 50 (Rheiwald & Green, 1975)
to 160 passages (Rasmussen et al., 2013) can be achieved (with
feeder cells). Contaminating fibroblast and feeder cells can be
easily removed by a short incubation with trypsin/EDTA solu-
tion, as HPKs adhere to surfaces much stronger than connective
tissue cells. In addition, cultivation in K-SFM suppresses growth
of fibroblasts allowing experiments with an almost homogenous
population of keratinocytes. However, in the absence of feeder
cells HPKs undergo senescence and differentiation after some
weeks. Due to the young age of the donor, foreskin is ideal for
the isolation of HPKs, but keratinocytes can also successfully be
isolated from skin of other donors and parts of the human body.
Since the outer root sheath of the hair follicle contains keratino-
cytes, plucked hair can also be used for the isolation of HPKs
(Aasen & Izpisua Belmonte, 2012; Raab et al., 2014). This is of
particular importance, as plucked hair allows the isolation of
HPKs by a noninvasive method. Keratinocytes (and fibroblasts)
grow out on tissue culture plastic directly from plucked hair or
after enzymatic digestion. However, even on feeder cells the
number of keratinocytes that can be isolated with this method is
significantly lower compared to HPKs from larger skin samples
such as foreskin.

. It should be taken into account that mitomycin C-treated

teeder cells survive only few days in culture. For the isolation
of keratinocytes from biopsies (starting from 2), when cells are
going to be incubated for a week or longer in the same dish, a
higher amount of 3T3-J2 feeder cells should be used (up to a
1:1 dilution from a confluent culture).

. Mitomycin C-treated 3T3 feeder cells can be frozen in medium

with 10 % DMSO and stored in liquid nitrogen. When required,
cells can be thawed and directly used. However, efficacy of
adherence of these cells must be determined experimentally.

. The skin biopsies should be stored after surgery in DMEM

with 1% Anti-Anti at 4 °C. Isolation of HPKs is well possible
with biopsies up to 2 days post-surgery.

. Handle the biopsy carefully with sterile forceps.
. Isolation of HPKs should be performed under sterile condi-

tions in a cell culture hood at RT.

. For the isolation of HPKs from plucked hair use kanamycin

instead of Anti-Anti.

Usually, most HPKs are obtained in the second and third tryp-
sin fraction. Note that later fractions contain more fibroblasts.

Contaminating fibroblasts can be removed by incubation with
trypsin/EDTA solution for 2 min and washing with PBS.
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12. Itis difficult to remove HPKs completely at this step. Pipet the
trypsin/EDTA solution up and down directly onto the cells,
but avoid excessive shear stress. Try to increase the yield of
HPKs by a second incubation with trypsin/EDTA solution.

13. The details are given for transfection of HPKs in a single well
of'a 12-well dish. Adjust amounts of reagents according to the
surface.

14. At this day cell density should be 60-90 %. If this is not the case
adjust the protocol accordingly.

15. Use scrambled siRNA and/or the knockdown of unrelated
genes as controls.

16. YVAD is less efficient in inhibiting caspase-1 than zVAD. For
experiments that require a longer (more than 8 h) inhibition of
caspase-1 activity/activation, add YVAD a second time either
directly to the medium or with new medium.

17. In confluent HPKs inflammasome activation and UPS are sig-
nificantly less efficient than in exponentially growing cells.

18. Inflammasome activation starts about 2 h after UVB irradiation
and is maximal after 4-5 h. Although HPKs produce some mature
IL-1p after 5 h, cell lysis strongly increases at later time points.

19. Perform experiments, e.g., for ELISA and LDH measurement,
at least in triplicates.
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Chapter 10

A Reporter System to Study Unconventional Secretion
of Proteins Avoiding N-Glycosylation in Ustilago maydis

Janpeter Stock, Marius Terfriichte, and Kerstin Schipper

Abstract

Unconventional secretion of proteins in cukaryotes is characterized by the circumvention of the
Endoplasmic Reticulum (ER). As a consequence proteins exported by unconventional pathways lack
N-glycosylation, a post-transcriptional modification that is initiated in the ER during classical secretion.
We are exploiting the well-established enzyme p-glucuronidase (GUS) to assay unconventional protein
secretion (UPS). This bacterial protein is perfectly suited for this purpose because it carries a eukaryotic
N-glycosylation motif. Modification of this residue by attachment of sugar moieties during the passage of
the ER apparently causes a very strong reduction in GUS activity. Hence, this enzyme can only be secreted
in an active state, if the export mechanism does not involve ER passage. Here, we describe a reporter sys-
tem applied in the corn smut fungus Ustzlago maydis that is based on this observation and can be used to
test if candidate proteins are secreted to the culture supernatant via alternative pathways avoiding
N-glycosylation. Importantly, this system is the basis for the establishment of genetic screens providing
mechanistic insights into unknown UPS pathways in the future.

Key words p-Glucuronidase (GUS), Unconventional protein secretion (UPS), 4-Methylumbelliferyl-
B-D-glucuronide (MUG), N-Glycosylation, Ustilago maydis

1 Introduction

Protein secretion by classical mechanisms is mediated by a signal
peptide at the N-terminus of proteins. In eukaryotic cells, the pres-
ence of such signal directs proteins to the ER lumen where they are
folded into the native state and where post-translational modifica-
tions occur. The latter includes, i.c., the attachment of sugar moi-
eties in the process of N-glycosylation. Proteins then further
traverse through the endomembrane system passing the Golgi
apparatus and are finally secreted into the extracellular space via
secretory vesicles [1, 2]. By contrast, multiple reports exist that
describe the unconventional export of proteins in eukaryotic cells
[3-5]. These proteins often are of fundamental physiological
importance and famous examples include human interleukin 1

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_10, © Springer Science+Business Media New York 2016
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and fibroblast growth factor-2 [6, 7]. UPS has also been observed
in fungi. For example, the lipopeptide a-factor in Saccharomyces
cerevisine is exported by direct transfer across the plasma mem-
brane using the ABC transporter Ste6p [8]. In the same organism,
the acyl-binding protein Acbl is secreted via alternative, autophagy-
related vesicular processes and similar observations have been made
for its orthologs in the yeast Pichia pastoris and the protozoa
Dictyostelinm discoidenm [3]. However, due to the fact that pro-
teins exported by UPS mechanisms often have dual functions
(cytoplasmic and extracellular) or are secreted only in minor
amounts, unambiguous experimental validation of their nonca-
nonical secretion is not easy to achieve. We are studying unconven-
tional secretion of chitinase Ctsl in the dimorphic fungus Ustzlago
maydis [9-11]. This eukaryotic model is the pathogenic agent of
corn smut disease [12, 13]. U. maydis grows yeast-like during the
saprotrophic stage of its life cycle. For infection, cells switch to fila-
mentous growth with hyphae invading the plant tissue [14]. This
switch is regulated by a central dimeric transcription factor and can
be induced artificially in the laboratory. To this end, the active
transcription factor is expressed in the presence of nitrate (strain
variant AB33) [15]. Ctsl is part of the chitinolytic system of U.
maydis 16, 17]. The enzyme functions during cytokinesis. During
cell division in the yeast stage it acts in concert with a second, con-
ventionally secreted chitinase Cts2 and mediates the physical sepa-
ration of mother and daughter cell [16]. In the filamentous stage
Cstl accumulates in hyphae with disturbed long-distance mRNA
transport [10, 18, 19]. Hyphae lacking the protein are aggregat-
ing, indicating that the cell wall composition is altered [16].
Remarkably, Ctsl is active at the cell exterior but lacks a predict-
able N-terminal signal peptide [9, 10], suggesting a noncanonical
protein export. This led us to develop a reporter system to assay
UPS in U. maydis. This system is based on the well-established
bacterial reporter enzyme f-glucuronidase (GUS) [20]. This
enzyme is known to show a strong activity reduction upon passage
of the classical secretory pathway involving the ER, because it coin-
cidentally carries a eukaryotic N-glycosylation site (Fig. 1) [21].
Further advantages of this enzyme are the availability of diverse
substrates that can be used for activity assays with chromogenic or
fluorometric readouts [20]. In our GUS reporter system, homolo-
gous recombination is used to generate strains carrying the trans-
gene stably inserted at a defined locus in the cell. Strains express
translational fusions of the candidate protein to be tested for UPS
(Fig. 1). A strain in which GUS is expressed cytoplasmically serves
as controls for cell lysis, while a strain producing GUS fused to a
conventional signal peptide derived from the enzyme invertase
serves as control for conventional secretion [9]. In all strains, GUS
activity is determined wusing the fluorescent substrate
4-methylumbelliferyl-p-d-glucuronide (MUG) using cell extracts
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GuUs-POI IS 1 candidate proteins
- bidirectionally fused D
POI-GUS I to GUS

GUS., I 9

; - negative controls .
GUSsp

Fig. 1 GUS reporter system to study unconventional secretion of candidate pro-
teins in Ustilago maydis. The bacterial enzyme GUS (blue) carries the eukaryotic
N-glycosylation site (NLS) at amino acid position Nssg that is modified by the
addition of sugar moieties (rea) during conventional secretion mediated by a
signal peptide (GUSsp, signal peptide in orange). Proteins of interest (POI, dis-
played in grey) are fused bidirectionally to GUS to investigate unconventional
secretion with circumvention of N-glycosylation (GUS-POI and POI-GUS for N-
and C-terminal GUS fusion proteins, respectively). If the protein is secreted with
circumvention of the N-glycosylation machinery GUS activity can be determined
in the culture supernatant. Cytoplasmic GUS (GUScp) does not meet the machin-
ery either and is thus active and deals as a control for cell lysis. Gus activity of
the depicted reporter proteins growing in the yeast form can be assayed on
MUG-containing plates (modified from [12]). Cells convert the substrate supplied
in an agar plate to a fluorescent product, if the enzyme is actively secreted

and cell-free culture supernatants. Active GUS converts this sub-
strate to MU which upon excitation with 365 nm light emits fluo-
rescence at 465 nm. Assaying UPS in yeast-like cells of U. maydis
by the reporter system comprises six main steps that are described
in detail in this chapter: (1) Cell cultivation, (2) Generation of cell
extracts, (3) GUS enzyme assay, (4) Preparation of standards, (5)
Fluorometric determination of GUS enzyme activity, and (6) Data
analysis and evaluation. Of note, Gus activity can also be visualized
in plate assays using either the colorimetric substrate 5-bromo-4-
chloro-3-indolyl-p-d-glucuronide (X-Gluc) or MUG (Fig. 1). In
concert with the well-established liquid assays described in this
chapter, this feature is of broad applicability, for instance in genetic
screens for secretion-deficient or so-called super-secretor mutants.
Hence, establishing the Gus reporter system for assaying UPS is
the basis to further characterization of the respective underlying
export machinery and will hence find broad applicability also in
other organisms.

2 Materials

All solutions should be prepared using ultrapure water (H,Oyq.)
and per analysis (p.a.) grade reagents. Prepare and store all reagents
and solutions at room temperature unless stated otherwise.
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2.1 Cell Culture 1.
2
3
4
5

2.2 Preparation 1.

of Cell Extracts

and Supernatants
2
3

Complete medium (CM-glc): 0.25% (w/v) casamino acids, 0.1%
(w/V) yeast extract, 1.0% (v/v) vitamin solution, 6.25% (v/v) salt
solution, 0.05% (w/v) herring sperm DNA | and 0.15% (w/v)
NH.NO;. Dissolve in H,Opg. Adjust to pH 7.0 with 5 M
NaOH. Autoclave 5 min 121 °C for sterilization and add 1%
(w/v) glucose using a 50% (w/v) stock solution (se¢ Note 1).

. Vitamin solution: 0.1% (w/v) thiamine hydrochloride, 0.05 %

(w/v) riboflavin, 0.05% (w/v) pyridoxine, 0.2% (w/v) cal-
cium pantothenate, 0.05% (w/v) p-aminobenzoic acid, 0.2%
(w/v) nicotinic acid, 0.2% (w/v) choline chloride, 1% (w/v)
myo-inositol. Dissolve in H,O,4 and sterilize the solution
using filters (0.2 pm pore size). Store aliquots at —20 °C.

. Salt solution: 16% (w/v) KH,POy4 4% (w/v) Na,SO4 8%

(w/v) KCl, 1.32% (w/v) CaCl,x2H,0, 8% (v/v) trace ele-
ments, 1% (w/v) MgSO, (water free) (see Note 1). Dissolve in
H,Oy,4. and sterilize the solution using filters (0.2 pm pore size).

. Traceelements: 0.06% (w,/v) H3BO3,0.14 % (w/v) MnCl, x4H,O,

0.4% (w/v) ZnCly, 0.4% (w/v) NayMoO,x2H,0, 0.1% (w/V)
FeCl;x6H,0, 0.04% (w/v) CuSO,x5H,0. Dissolve in H,Oq,
and sterilize the solution using filters (0.2 pm pore size).

. Cell cultivation: Glass reaction tubes, tube rotator, 250 mL

baffled flasks, benchtop orbital shaker running at 200 rpm.

Phosphate buffered saline (PBS): 0.89% (w/v) Na,HPO,,
1.97% (w/v) KH,PO,, 0.09% (w/v) MgCl,x6H,0, 0.02%
(w/v) KCI, 0.8% (w/v) NaCl. Eventually adjust the solution
to pH 7.4 using a 5 M NaOH stock solution. Autoclave 5 min
at 121 °C.

. Lysis buffer for native cell extracts (se¢ Note 2): 0.01 mM

phenylmethylsulfonylfluorid (PMSF), 12.5 pM benzamidine
hydrochloride hydrate, 100 pL protease inhibitor cocktail 50x.
Dissolve in PBS pH 7 4.

. Ball mill (we use a MM400 from Retsch) equipped with PTFE

adapter for five reaction tubes (1.5 and 2.0 mL) and 0.25-
0.5 mm glass beads (see Note 3).

4. Bradford solution (store at 4 °C).

2.3 GUS Assay 1.

Components

. Protein determination: Tecan fluorescence reader infinite

M200 equipped with Microtest Plate 96 Well F.

. Cell harvest: Centrifuge suited for 50 mL PET tubes.

. Supernatant preparation: funnel, folded filter paper (Particle

Size: 5-8 pm Thickness: 0.16 mm Pore Size: 5-8 pm).

2x GUS assay buffer for supernatant (see Note 4): 0.028 mM
B-mercaptoethanol, 0.8 mM Na,-EDTA pH 8.0, 10 mM
NaPO, buffer pH 7.0, 0.0042% (v/v) lauroyl-sarcosine,
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0.004% (v/v) triton-X-100, 1,/50 vol bovine serum albumin
fraction V (BSA), 2 mM 4-methylumbelliferyl-p-d-
glucuronide x 3H,O (MUG).

2. 1x GUS assay buffer for cell extracts (see Note 4): 1x GUS extrac-
tion buffer, 1,/50 vol bovine serum albumin fraction V (BSA),
2 mM 4-methylumbelliferyl-p-d-glucuronide x 3H,O (MUG).

3. 2x GUS extraction buffer: 0.028 mM f-mercaptoethanol,
0.8 mM Na,-EDTA pH 8.0, 10 mM NaPO, buffer pH 7.0,
0.0042 % (v/v) lauroyl-sarcosine, 0.004 % (v/v) triton-X-100.
Dissolve in H,Ouyy .

4. Sodium phosphate buffer (NaPO, buffer pH 7.0): Prepare
1 M NaPO, buffer stock solutions (solution 1: 14.2% (w/v)
Na,HPO,; solution 2: 13.8 % (w/v) Na,HPOy; both dissolved
in H,Oyy. each). Use 1 L solution 1 and titrate with solution 2
until pH 7.0 is reached (about 300 mL solution 2 needed).
Store at 37 °C to prevent salt precipitation.

5. EDTA stock solution: Dissolve 0.5 M Na2-EDTAx2H,0
stock in H,Oy,q4, adjust to pH 8.0. Autoclave 5 min at 121 °C
to sterilize.

. GUS stop buffer: 0.2 M Na,CO;. Dissolve in H,Opq.

. X-Gluc stock solution (100 mg,/mL, solved in DMSO).

. 4-Methylumbelliferone (MU).

. Fluorescence measurements: Tecan fluorescence reader infinite
M200 equipped with black 96 Well Microplates (96 Well, PS,
F-Bottom (chimney well), ptCLEAR®, black, CELLSTAR®, TC,
sterile).

O 0 NN N

3 Methods

Here we describe a liquid assay (see Note 5) based on the fluores-
cent substrate MUG that can be applied to determine if a protein is
secreted unconventionally in yeast-like growing cells (se¢ Note 6)
by using protein fusions with the GUS reporter enzyme. Of note,
we are using U. maydis AB33 derivatives that have been generated
by homologous recombination and thus harbor the respective
fusion genes upstream of a constitutive promoter (see Note 7) sta-
bly integrated in their genomes. In this fungus the preferred locus
for insertion of expression constructs is the zpsocus. Importantly,
the copy number in this locus can vary such that the insertion of
only a single copy needs to be verified by Southern blot analysis
resulting in comparable strains [9]. The full-length expression of
the fusion proteins which is crucial to allow drawing conclusions
from the reporter assay should furthermore be documented by per-
forming Western Blot analyses using antibodies against an epitope
tag that is added to the fusion protein (se¢ Note 8).
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3.1 Growing Cultures

3.2 Preparing Cell

Extracts

3.3 GUS
Enzyme Assay

1.

Inoculate a preculture of each strain in glass tubes using 3 mL
medium supplemented with 1% (w/v) glucose (CM-glc). Use
U. maydis cultures on agar plates for inoculation (se¢e Note 9).
Incubate at 28 °C for about 20-24 h on a rotating wheel
incubator.

. Use 6 pL of the densely grown precultures to inoculate main

cultures of 20 mL. CM-glc, and incubate in sterile 100 mL
baffled flasks shaking at 200 rpm and 28 °C (see Note 10).

. Grow the cells until they reach an ODyg of about 0.5. This will

take approximately 14-16 h. Determine the volume of cells
needed to adjust an ODgge of 0.2 and harvest this volume by
centrifugation at 3500 x g for 5 min. Resuspend the cells in sterile
H,0,4. for washing and repeat the centrifugation step. Resuspend
the cells of each strain in 20 mL CM-glc (se¢ Note 6) and incu-
bate in sterile 100 mL baftled flasks for 6 h at 200 rpm and 28 °C.

. After 6 h determine the ODyy, of each culture. These values

will be needed for calculating enzyme activities later on.

. To harvest cells, use 2 mL reaction tubes and centrifuge 1 mL

of each culture at 16,000 x g for 10 min. Discard the superna-
tants, resuspend the cell pellets in 1 mL 1x GUS extraction
buffer, and repeat the centrifugation step for washing. Discard
the supernatants and use the cell pellets for the generation of
cell extracts (see Note 11).

. To harvest culture supernatants, use 2 mL reaction tubes and

centrifuge 2 mL of the CM-glc cultures at 16,000xy4 for
10 min. Filter the supernatants into a fresh tube using filter
papers. Keep at least 1 mL of each culture supernatant for the
GUS activity assay (see Note 12).

Work on 4 °C or ice during the whole procedure.

1.

Dissolve the cell pellet in 200 pL 1x GUS extraction buffer
and transfer the suspension into 2 mL reaction tubes. Add a

volume of about 100 pL glass beads (se¢ Note 13) and crack
the cells in the ball mill for 5 min and 30 Hz.

. Transfer the suspension into a fresh 1.5 mL reaction tube and

centrifuge for 5 min at 8000 x 4.

. Transfer 100 pL supernatant into a fresh 1.5 mL reaction tube.

Store on ice.

. Determine the protein concentration in the extracts (see Note 14).

. Prewarm appropriate amounts of 1x GUS assay buffer for cell

extracts and 2x GUS assay buffer for supernatants to 37 °C
(calculate needed volumes from this subheading steps 3 and 4,
respectively).
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Standards

3.5 Fluorometric
Determination of GUS
Enzyme Activity
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. For the enzyme assay using cell extracts, mix 10 pL cell extract

with 990 pL. 1x GUS extraction buffer and add 1 mL pre-
warmed 1x GUS assay bufter for cell extracts.

. For the enzyme assay using culture supernatants, mix 1 mL

prewarmed 2x GUS assay buffer for supernatants and 1 mL
cell-free culture supernatant.

. After 0, 2, 3, and 4.5 h (see Note 15) transfer 200 pL of the

reaction mixture to a fresh 1.5 mL reaction tube containing
800 pL GUS stop buffer to stop the reaction.

. Store stopped samples at 4 °C in the dark after addition of

GUS stop buffer until all reactions are stopped and then pro-
ceed to Subheading 3.5 (Fluorescence determination of GUS
enzyme activity).

. Prepare a 100 mM stock solution by dissolving 17.6 mg

4-methylumbelliferone (MU) in 1 mL GUS stop buffer (see
Note 16).

. Use the 100 mM MU stock solution to generate dilutions with

a final concentration of 0.1, 1, 10, and 100 pM in a volume of
1 mL in reaction tubes (se¢ Note 17). Pure stop buffer is used
for determining background fluorescence at 0 pM MU.

. To prepare the fluorescence measurements of the MU stan-

dards for cell extracts, mix 200 pL of each solution (0-100 pM
MU in stop buffer) with 600 pL. GUS stop buffer and 200 pL
1x GUS extraction buffer.

. To prepare the fluorescence measurements of the MU standards

for cell-free culture supernatants, mix 200 pL of each solution
(0-100 pM MU in stop bufter) with 600 pL. GUS stop bufter,
100 pL 2x GUS extraction bufter, and 100 pL. CM-gluc.

. Store standards at 4 °C in the dark until all reactions are

stopped and then proceed to Subheading 3.5.

. Use a black 96-well plate (see Subheading 2.3) and for each

sample generated in Subheading 3.3, add 200 pL in technical
triplicates.

. On the same plate, add 200 pL of each MU standard gener-

ated in Subheading 3.4 in triplicates.

. Determine the fluorescence of the samples using a fluorome-

ter. The excitation and emission wavelengths are set to 365
and 465 nm, respectively, and the gain to 60 (se¢ Note 18) at
ambient temperature.

. Use raw data (relative fluorescence units) in the output file for

data analysis using Microsoft Excel or a similar program (Fig. 2).
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3.6 Data Analysis 1.

Generate the arithmetical means of the three technical repli-

and Evaluation cates (Fig. 2(1); see Note 19).

2. Subtract the blank. This is the value obtained from the arith-
metical mean of the values obtained for the 0 pM MU standard
solution (Fig. 2(2)).

3. Generate the MU standard curve. Therefore, the arithmetic
means of the values obtained for the standard solutions need to
be determined (Fig. 2(3)) and represented as a graph,
containing the RFU values on the y-axis and the MU concen-
tration [pM] on the x-axis (Fig. 2(3), Graph). The different
data points can be connected in a straight line. Display the
equation of the linear curve and use the slopes for further
calculations.

4. Convert the relative fluorescence units into uyM MU by dividing
the values by the slope of the linear standard curve (Fig. 2(4)).
GUS activities supernatants

strain | h | RFU(3 replicates) | average | w/o blank | uM | uM/h | pM/min | ODggg| U/ODggg
0| 37 | 36 | 40/~ 38 1273\ 0
AB33 222 1 34 35 (35 s oD 0:@ 0000@ 1555 0000@4)
3133 |34 | 36 34 8 0.05 |~ ’ ' '
45| 36 | 47 | 37 40 14 0.08
AB33 0| 35 | 32 34 34 8 0.05
2 |2508|2529| 2518 | 2518 2492 14.49
%ﬁg- 3 |3513|3421| 35657 | 3497 3471 20.19 B5h7| 0108 (H:R0e) a1
45|/5134|5123| 5101 | 5119 5093 |29.63
MU standard MU standard curve
UM MU 3 RFU (3 replicates) average | w/o blank 20000 @
0 4 25 29 26 0 810000
0.1 44 44 43 44 18 x y=172.9x
1 230 | 225 | 232 229 203 0 v '
10 2053 | 2076 | 2082 | 2070 2044 0 50 100
100 | 17160 | 17309 | 17383 | 17284 17258 pM MU
i MU formation in samples B GUS activity
y=6.553x + 0.527 iy
2 = +AB33 8 001’2 I
2 20 1® 5 . @
40 BAB33GUS- || 5
y=0.002x + 0.056 Cts1 0.05 -
0 H . ‘ 1 -
0 2 4 6 AB33  AB33
h GUS-Cts1

Fig. 2 Data analysis. Details are explained in the text (Subheading 3.6)
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. Similar to the standard curve, generate graphs of the values

obtained for 0, 2, 3, and 4.5 h of each sample (Fig. 2(5),
Graph). Connect the data points of each sample and display
the equations of the linear curves.

. Divide each slope by 60 to obtain pM/min (Fig. 2(6)). This

corresponds to the MU concentration in the reaction volume
of 2 mL per minute.

. To finally determine the respective GUS activities for cell

extracts, all values are related to the protein amounts in the
samples (in mg; determined in step 4 of Subheading 3.2) used
in the assay (not shown).

. To finally determine the respective GUS activities for superna-

tants, all values need to be multiplied by a factor of 2, because
the samples have been diluted (see step 4 in Subheading 3.3).
Then, take the ODgg (documented in step 4 of Subheading 3.1)
into account by subtracting the values for each sample. This
provides the GUS activities in 1 L culture supernatants in U/
ODy (Fig. 2(7), Table).

. Use the U/ODyy values of biological triplicates of all samples

(see Note 20) to generate the final figure, in which the arith-
metical mean of the values is displayed together with the
respective standard deviation (Fig. 2(7), Graph).

4 Notes

. The quality of the CM-glc medium is of fundamental impor-

tance. For example, we observed variations (much lower GUS
activities) when we replace water-free MgSO, by alternative
salts containing water.

2. Prepare fresh for each experiment.

. If large cell culture volumes need to be processed, the bead

mill can alternatively be equipped with 35 mL stainless steel
cups and 12 mm stainless steel beads.

. Prepare freshly and keep the solution in the dark. It is stable for

at least 1 h on 4 °C.

. Indicator plates containing the colorimetric substrate X-Gluc

can be used to verify and complement the liquid assay. Plates
should be prepared using 100 pL of an X-Gluc stock solution.
Let the plates dry for at least 1 h to allow soaking with the
substrate and evaporation of DMSO. Cells should be grown to
an ODyg of 0.5. Then, spot 4 pl. onto a plate and incubate for
at least 24 h. It is essential to add a control strain expressing
intracellular GUS to evaluate cell lysis.
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6.

10.

11.

12.

13.

14.

For assaying filamentously growing cells of U. maydis, AB33
cultures need to be shifted to nitrogen minimal (NM) medium
supplemented with glucose [9, 15].

. The choice of the promoter may be crucial to the experiment.

If possible (meaning if there is sufficient expression to allow a
detection of the gene product), we recommend to stick to the
native promoter of the candidate gene. However, if expression
levels are low, strong constitutive promoters may need to be
introduced [9, 11].

. To allow for checking the integrity of the fusion proteins in

Western blot analyses, an epitope tag should be added to the
reporter proteins. Using a fluorescence tag like eGFP further-
more provides the possibility to localize the proteins in the cell.
In cases where fusion proteins show strong degradation in
Western blot analyses, it may be dangerous to draw conclu-
sions from the reporter assay. In our hands, multiple protease
deletions were helpful in reducing this problem [11].

. We recommend using freshly grown agar plate cultures of similar

age for inoculation of liquid cultures. U. maydis strains can be
stored for long term in glycerol stocks at —-80 °C. A small portion
of such frozen stock should be plated on agar plates and incu-
bated for 2 days at 28 °C to ensure proper growth of precultures
in liquid. Do not keep these plates for more than 2 weeks.

Be cautious when handling liquid cultures of U. maydis. We
observe that cultures start growing worse when shaking is
abolished for short periods. Thus, make sure that cultures are
always well aerated, even in times when you have to remove
them from the shaker. In these periods, mix by shaking the
flasks by hand from time to time and place them back onto the
shaker as soon as possible. Do not keep liquid cultures on the
bench for longer periods without agitation.

Cell pellets can be frozen at -20 °C without losing GUS
activity.

Cell-free culture supernatants can be frozen at -20 °C without
losing GUS activity for at least 1 month.

To add an approximate volume of 100 pL of glass beads to our
samples, we prepare self-made measuring spoons. Therefore, we
mark the filling height of 100 pL in a 1.5 mL reaction tube
using water and cut off this part with a scalpel. The section is
then connected to a 1 mL plastic pipet tip by melting the narrow
end of the latter with the bunsen burner and subsequent gluing
to form a small spoon. This procedure easily provides a conve-
nient device for aliquoting equal amounts of glass beads.

Protein determination should be performed according to stan-
dard protocols.
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15. The assay may also be performed as an enzyme kinetic. To this
end, the assay volume should be reduced to 200 pL and con-
tinuous reading should be performed in the fluorescent reader,
determining fluorescence emission every 10 min at 37 °C for
about 90 min. The MU standards need to be adapted to this
new setup.

16. MU standards need to be prepared in GUS stop buffer because
the powder is insoluble in H,O.

17. The MU standard solutions can be stored at -20 °C without
showing variations in fluorescence for at least 1 month.

18. We established gain 60 for our assays. However, depending on
the experimental conditions and the specific type of plate reader,
it may be necessary to determine the optimal gain for the con-
ducted assay anew. However, after determining the optimal gain,
this value should be fixed for all biological replicates.

19. Preparing a calculation spreadsheet in Microsoft Excel or a
comparable program will facilitate data processing.

20. The values of different biological replicates tend to differ quite
a bit in the reporter assay. Hence, to make sure that the results
are significant and that the standard deviation is in a satisfac-
tory range, more than three biological replicates may need to
be conducted.
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Chapter 11

Stress-Inducible Protein 1 (STI1): Extracellular Vesicle
Analysis and Quantification

Marcos Vinicios Salles Dias, Vilma Regina Martins,
and Glaucia Noeli Maroso Hajj

Abstract

This chapter is derived from our experience in the study of stress-Inducible Protein 1 (STI1) in extracel-
lular vesicles. We used different techniques to isolate, explore, and characterize the extracellular vesicles
that contained this protein. Ultracentrifugation and gel chromatography were used to isolate extracellular
vesicles of different sizes, nanotracking particle analysis (NTA) determined number and size of vesicles,
while flow cytometry and ELISA were used to determine the specific protein content of vesicles.

Key words Stress-Inducible Protein 1 (STI1), Extracellular vesicles, Ultracentrifugation, Nanoparticle
tracking analysis (NTA), Gel chromatography

1 Introduction

This chapter is derived from our experience in the study of Stress-
Inducible Protein 1 (STI1) in extracellular vesicles. ST11 is a cyto-
plasmic co-chaperone that acts in the transfer of client proteins to
Hsp70 and Hsp90 [1]. However, several studies indicate that STI1
can bind the Cellular Prion Protein (PrP¢) in the outer leaflet of
the cell surface, which elicits several neurotrophic properties [2—
4]. To bind PrP¢ in the outer leaflet of neurons, STII is secreted
by astrocytes in extracellular vesicles [5]. Our methods were then
originally standardized to the detection of STII in such vesicles,
but can be applied to the research of other proteins of interest.
This protocol for the isolation of extracellular vesicles was stan-
dardized for cultures of mouse primary astrocytes. To identify
secreted proteins, Western blot is frequently a method of choice.
However, some technical difficulties may appear (see Note 1). For
example, it is a challenge to compare levels of specific proteins
between different cell types or among treatments. Since the pro-
tein composition of extracellular vesicles is very variable depending
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on the cellular source, the choice of a standard protein for normal-
ization is complicated. Another issue is protein quantification;
depending on the volume of conditioned media used to isolate
vesicles, the protein amount may be too low to be determined by
standard protein quantification methods like Bradford assay. More
accurate results can be achieved by counting the number of extra-
cellular vesicles in samples by using nanoparticle tracking analysis
(NTA). NTA methodology has been used in the literature to char-
acterize extracellular vesicle population [5-9]. In the NTA method,
particles are visualized by light scattering using a light microscope.
Avideo is taken and the NTA software tracks the Brownian motion
of individual particles, calculating their size and total concentra-
tion. Our protocol is fitted for the Nanosisht LM10 equipped with
the NTA 2.3 software (Malvern Instruments). Other brands may
be used but adaptations to the protocol may be required.

To identify specific proteins of the surface of extracellular vesi-
cles, two techniques can be applied: flow cytometry and proteinase
K digestion. Because of its reduced size (50-150 nm), extracellular
vesicles cannot be analyzed by standard flow cytometry methods.
To circumvent this problem, it is possible to couple the extracel-
lular vesicles in beads of a size that is in the detection range of the
flow cytometer. This methodology has been used by different
authors to semiquantitatively detect surface proteins of exosomes
[10-12]. The bead-vesicle complexes are then labeled with the
antibody of interest and followed by fluorophore-conjugated sec-
ondary antibody and analysis. Alternatively, intact vesicles can be
exposed to proteinase K (PK) treatment. This treatment will only
digest proteins present at the surface [13, 14], leaving intact pro-
teins present inside the vesicles.

2 Materials

2.1 Conditioned
Media Collection

All solutions should be prepared using ultrapure water and analyti-
cal grade reagents. All reagents should be prepared and stored at
room temperature unless indicated otherwise. Diligently follow all
waste disposal regulations when disposing waste materials.

1. 75 ¢m? Tissue culture flask with a confluent monolayer of pri-
mary astrocytes.

2. 0.45 pm Syringe filter units.

3. Syringe.

4. 15 ml Tubes.

5. Amicon Ultra 15 centrifugal filters (EMD Millipore

UFC901024).
6. Benchtop centrifuge equipped with a rotor for 15 ml tubes.
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2.2 Nanoparticle
Tracking Analysis
to Size and Gount
Extracellular Vesicles

2.3 Separation
by Ultracentrifugation

2.4 Separation
by Gel Filtration
Chromatography

2.5 Trichloroacetic
Acid Precipitation
of Proteins

7.

Sterile phosphate-buftered saline (PBS): 137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPOy, 2 mM KH,PO,.

. Dulbecco’s modified Eagle’s medium—high glucose (DMEM)

supplemented with antibiotics (gentamicin 40 mg,/ml).

. Fetal calf serum (FCS) previously cleared by ultracentrifuga-

tion at 100,000 x4 for 16 h (see item 3).

. NanoSight LM10 (Malvern Instruments).

2. 3 ml Syringe.

(92 WY U IS I ) — N

@)

. Polystyrene latex microspheres 100, 200, and 300 nm (Sigma-

Aldrich cat. 43302).

. Fresh PBS sterile filtered in a 0.2 pm filter.

. Beckman ultracentrifuge or similar.

. SW-41Ti rotor for Beckman ultracentrifuge or similar.

. Open top ultra-clear or polyallomer tubes for rotor SW-41Ti.
. Phosphate-buffered saline (PBS).

. Glass low-pressure column 2.5 x 30 cm (Bio-Rad Econo-Column®

Chromatography Columns, 2.5x 30 cm 7374253 or similar).

. Laboratory stand.

. 140 ml Superose 12 prep grade (GE Healthcare 17-0536-01).
. Peristaltic pump (Bio-Rad Model EP-1 Econo Pump or similar).
. Fraction collector (Bio-Rad Model 2110 Fraction Collector or

similar).

. 0.8 mm Silicone Tubing (Bio-Rad 7318210 or similar).
. Low-Pressure System Fittings Kit (Bio-Rad 7318220).

. 13x100 mm Tubes for fraction collection and storage (Bio-

Rad 2239750).

. PBS.
. 40% Glycerol.

. Refrigerated microcentrifuge.
. 100% Trichloroacetic acid solution (w/v): Solution of TCA

can be made by the addition of 227 ml of water to 500 g of
TCA. The resulting clear solution will have a density of approx-
imately 1.45 g/ml. Store refrigerated.

. Pure acetone stored at -20 °C.

4. Urea bufter: 1% SDS (w/v), 36% urea (w/v), 50 mM Tris pH 7.2.

. 4x Laemmli buffer: 195 mM Tris-HCI, pH 6.8, 10% (w/v)

SDS, 30% (w/v) glycerol, 15% (v/v) B-mercaptoethanol,
0.01% (w/v) bromophenol blue.



164 Marcos Vinicios Salles Dias et al.

2.6 ELISA 1. Polystyrene 96-well high-binding ELISA plate.
2. Sealing tape for 96-well plates.
3. Antibody against the protein of interest.
4. Anti-STI1 Antibody (StressMarq SPC-203D).
5. HRP-conjugated secondary antibody.
6. Microplate reader with a 490 nm filter.
7. PBS.
8. Recombinant protein of interest.
9. Blocking butffer: 5% Nonfat dry milk in PBS.
10. PBS+ 0.3% TritonX-100.
11. OPD substrate solution: 1 mg/ml of OPD (Sigma-Aldrich
3175) in 0.05 M of phosphate-citrate bufter (pH 5) contain-
ing 30 % hydrogen peroxide.
12. 4 N H,SO,.
2.7 Flow Cytometry 1. Flow cytometer.
fa Detect Proteins 2. 4 pm Aldehyde/sulfate latex beads (Invitrogen, A37304).
II/Z:?Z::ZZI‘:‘;I(I,‘ZI” 3. Refrigerated Microcentrifuge (Eppendorf 5427R or similar).
4. Anti-STI1 Antibody (StressMarq SPC-203D).
5. Anti-Flotillin-1 antibody 1:100 (ABCAM ab41927).
6. Anti-Hsp90 antibody 1:50 (ABCAM ab13492).
7. Alexa 546 anti-rabbit 1:200 (Invitrogen, A-11035).
8. Sterile PBS.
9. 1 M Glycine.
10. BSA 0.5% (w/v) in PBS.
2.8 Proteinase K 1. Proteinase K (GIBCO 25530-015).
Digestion of Proteins 2. PBS.
Z;’g;g;‘z:l;z::e 3. PK buffer: 10 mM EDTA, 5 mM N-ethylmaleimide.
Vesicles 4. 0.5% (v/v) Triton X-100.
5. 4x Laemmli buffer.
3 Methods
3.1 Conditioned 1. Culture primary astrocytes in a 75 cm? flask under normal
Media Collection growth culture media (DMEM supplemented with antibiotics
and 10% FCS) until confluent (see Note 2).
2. Aspirate off the normal growth medium, wash monolayer 3x

with sterile PBS, then replenish cells with 5 ml of serum-free
DMEM, and incubate for 48 h.
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3.2 Nanoparticle
Tracking Analysis
to Size and Gount
Extracellular Vesicles

3. Connect one syringe filter in a syringe with no embolus and

place it over a 15 ml tube. Collect the conditioned media and
pour over the filter. Do not apply pressure; filter the medium
only by gravity, as pressure may lead to breakage of extracel-
lular vesicles or cell debris.

. Next, the conditioned media should also be cleared of cell

debris by sequential centrifugation. Pour conditioned media at
a 15 ml tube and centrifuge at 1500 x4 for 10 min. Remove
supernatant and pour over another 15 ml tube, centrifuging at
4500 x4 for 10 min. Remove supernatant to another 15 ml
tube and centrifuge at 10,000 x4 for 30 min [15]. The condi-
tioned media can now be used for Western blot, ELISA, and
nano-tracking analysis or separated by ultracentrifugation or
gel chromatography.

. For many applications, the conditioned media cleared of cell

debris may be concentrated by the use of Amicon Ultra 15 cen-
trifugal filters. Depending on the size of the desired protein or
vesicle, different membrane cutoffs may be used. A molecular
weight cutoff of 10 kDa will retain most of the proteins and all
vesicles. Add up to 15 ml of cleared conditioned media (12 ml if
using a fixed-angle rotor) to the Amicon® Ultra filter device.
Place capped filter device into centrifuge rotor and spin at
4000 x g (swinging-bucket rotor) or 5000 x g (fixed-angle rotor)
maximum for approximately 20 min or until volume reaches
200 pl. To recover the concentrated solute, insert a pipette into
the bottom of the filter device and withdraw the sample.

. Use isolate extracellular vesicles by your choice method (ultra-

centrifugation or gel chromatography). A volume of at least
500 pl is needed. If needed, dilute the sample in fresh sterile
filtered PBS. Use the same PBS aliquot to dilute all your sam-
ples. Always try to analyze fresh samples, since freeze/thaw
cycles could break exosomal membranes.

. The temperature for extracellular vesicle measurement should

not exceed 37 °C. Turn on the NTA 2.3 software. Apply
~500 pl of the same PBS used to dilute the sample, in a sample
chamber of the NanoSight LM10. In this PBS sample, you
should not be able to detect any particles. If particles are
detected in this step, use this value to subtract the value of
sample quantification. Avoid making the measurements close
to sources of vibration at the bench (e.g., centrifuges).

. Use a clean syringe of 3 ml to apply the samples in the cham-

ber. After allowing a brief time to equilibrate (approximately
5-30 s), set the NTA mode to capture. The sample should be
analyzed within 15 min of the initial dilution to achieve accept-
able levels of precision. Localize the thumbprint area and
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3.3 Separation
by Ultracentrifugation

ensure that all the measurements are being made in the correct
region. The best imaging position is as close as possible to the
thumbprint. Set up the camera gain and camera shutter speed
for the first sample. Gradually increase the camera level (which
alters the shutter speed and gain) until the image is close to
saturated, and then slowly reduce the level until particles are
observed as single bright points. Adjust the focus if necessary.

. Dilute your sample (if required) in order to achieve 40-60 par-

ticles on the screen at one time and then capture a 30-s video.
Introduce a fresh volume of sample into the chamber and make
another recording. Clean the chamber between samples and
between different dilutions of the same sample by introducing
clean PBS in order to avoid the risk of presence of residual sam-
ple. Repeat until three videos have been captured. For very low
particle counts, it may be necessary to increase the number of
videos captured in order to achieve an acceptable number of
tracked events. Concentration measurements decrease with time
due to adherence to the sample chamber. This can be minimized
by making several short measurements (e.g., 3 x 30 s) rather than
one long measurement. Avoid presence of air bubbles inside the
chamber. Air bubbles can deflect the laser, and cause background
scattering events. Reintroduce the sample to remove them.

. Analyze the videos using the NTA software adjusting the

detection threshold and the minimum expected particle size
(should be adjusted for 30 nm). The other parameters (blur,
minimum tracking length, and extracted background) should
be selected. At least 1000 events in total should be tracked. A
PDF report is automatically generated, showing the concen-
tration at each vesicle size.

. Regular quality control measurements of microsphere beads of

similar size of extracellular vesicles (100, 200, and 300 nm)
should be made for calibration purposes.

. Place conditioned media cleared of cellular debris (not concen-

trated) in the ultracentrifugation tube. The tube must be filled
up to the top or it will collapse during centrifugation; this will
require approximately 12 ml of solution. The conditioned
media may be diluted with PBS to achieve the desired volume
or conditioned media from more than one 75 cm? flask may be
used. Balance the tubes perfectly.

. Centrifuge at 100,000 x4 for 1 h. Carefully remove the super-

natant to another centrifugation tube and resuspend the pellet
in 100 pl of PBS. Usually, pellets are not visible.

. Balance the tubes perfectly and centrifuge again for 100,000 x g4

tor 2 h. Carefully remove the supernatant to another centrifu-
gation tube and resuspend the pellet in 100 pl of PBS.



Stress-Inducible Protein 1 (STI1): Extracellular Vesicle Analysis and Quantification 167

3.4 Separation
by Gel Filtration
Chromatography

[Pre-cleared conditioned media ]

100,000 xg 1h

100,000 xg 2h

Supernatant

100,000 xg 16h

Pellet - Vesicles
of ~300nm

Pellet - Vesicles
of ~200nm

Pellet - Vesicles
of ~150nm

Soluble secreted
proteins

Fig. 1 Scheme of the ultracentrifugation strategy for the purification of extracel-
lular vesicles of different size

4.

Balance the tubes perfectly and centrifuge again for 100,000 x g
for 16 h. Collect supernatant to a 15 ml tube and resuspend the
pellet in 100 pl of PBS (Fig. 1). The concentration and size of
vesicles may be checked by nanoparticle tracking analysis
(NanoSight LM10, Malvern Instruments) (described in
Subheading 3.2) (see Note 3). Vesicles are ready to be used for
Western blot, ELISA, or functional assays. The supernatant may
also be probed for soluble secreted proteins. For this applica-
tion, if concentration is needed, it can be done by the use of the
Amicon concentration unit (described in Subheading 3.1).

. Sepharose beads are supplied fully hydrated and contain pre-

servatives. To remove preservatives, place gel beads in at least
three bead volumes of ultrapure water and gently stirr for
10 min. Let the beads settle and remove excess supernatant
with the aid of a pipette.

. Beads are then equilibrated in PBS by adding three bead vol-

umes in PBS and stirring gently for about 10 min. Let the
slurry settle and remove excess buffer to one bead volume.

. The slurry is degased by placing the beads under vacuum for

about 5 min. Occasional swirling of the container will help to
fully degas the slurry. Do not use a stir bar as beads may be
crushed. Give preference to manual swirling.

. Mount the column vertically on a laboratory stand. Connect

approximately 50 cm of tubing to the outlet of the column
using a two-way stopcock (contained in the Bio-Rad Low-
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Fig. 2 (a) Picture of the mounted gel chromatography column. (b) Scheme of the setting for the gel filtration
chromatography

Pressure System Fittings Kit). Using a syringe, inject PBS into
the column outlet tubing until the empty column is filled with
bufter to just above the bed support screen. Close the two-way
stopcock (this procedure removes trapped air from below the
support screen (Fig. 2a, b).

5. Pour the 50:50 bead/buffer slurry gently to avoid air bubbles
using a funnel in order to completely fill the column. Open the
stopcock and allow buffer to flow out. As the buffer is drained,
pour the remaining of the 50:50 bead /buffer until all slurry is used
and the column is completely filled with the Sepharose (see Note
4). After the column is completely packed, close the stopcock.

6. Connect the top of the column adapter to 50 cm of tubing
using an appropriate luer and connect the other extremity of
the tubing to the peristaltic pump. Fill the tubing and pump
with PBS making sure that they are free of air bubbles. Pump
4-5 bead bed volumes of PBS through the column at a flow
rate of 1 ml/min (Fig. 2b) (see Note 5).

7. Connect the outlet tubing of the column to the fraction collec-
tor using an appropriate luer (contained in the Bio-Rad Low-
Pressure System Fittings Kit). Fill the fraction collector with
40 collection tubes.

8. Open the top of the column adapter. Mix 500 pl of concen-
trated conditioned media with 200 pl of 40 % glycerol. Pipette
carefully the mix in the column using a micropipette placed in
close proximity to the top of the gel bed. Make a thin, uniform
layer. Replace the top of the column adapter.
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3.5 Trichloroacetic
Acid Precipitation
of Proteins

3.6 ELISA

9. Connect outlet tubing to the fraction collector using an appro-

priate luer (contained in the Bio-Rad Low-Pressure System
Fittings Kit). Open stopcock and turn on the pump allowing
continuous PBS flow at 1 ml/min rate. In the fraction collec-
tor set volume of fraction to 3.5 ml. Collect fractions until the
phenol red from the concentrated media runs through the
entire column (typically 30 fractions). Fractions are ready to
use for ELISA or proteins can be precipitated with trichloro-
acetic acid for Western Blots. Fraction 2 contains vesicles of
approximately 300 nm in size, fractions 5-6 contain vesicles
of approximately 200 nm, and fractions 11-12 contain vesicles
of approximately 70 nm.

. Chill the pre-cleared fractions collected from gel filtration

chromatography by incubating on ice.

. Add the 100% TCA solution to each sample to achieve the

final concentration of 15 % TCA. Agitate by inverting the tube.
Incubate for 5 min at =20 °C and 1 h on ice.

. Distribute the solution into 1.5 ml tubes (in cases of the 3.5 ml

fractions collected from the gel filtration chromatography three
tubes will be necessary) and centrifuge at maximum speed for
30 min at 4 °C. Remove as much supernatant as possible care-
fully so as not to disturb the pellet. In cases where low amounts
of protein are present pellet may be unvisible.

. Fill the tube with pre-chilled acetone and incubate on ice for

15 min. Centrifuge at maximum speed for 30 minat4 °C. Remove
as much supernatant as possible carefully so as not to disturb the
pellet. Leave tubes open until completely dry (no smell of ace-
tone should be present).

. Add 0.75 pl of 1 M Tris and 6.75 pl of urea buffer to each tube

and resuspend well. Add Laemmli buffer to 1x.

. A standard curve should be prepared using purified recombi-

nant protein of interest. In the case of STI1 a range of 23.4—
1500 pM can be used. Freshly prepare a standard curve by
making serial dilutions of the protein stock solution in sterile
PBS. For STI1 measurements, the following standard solu-
tions were used: 23.4, 46.8, 93.7, 187.5, 375, 750, and
1500 pM. Coat the three wells of an ELISA plate with 100 pl
of each of the standard solutions (triplicate measurement).
Include a background, negative control sample containing
sterile PBS. Ensure that no bubbles are present during the
incubation steps and prior to reading the plate.

. Coat the remaining wells of the plate with 100 pl of the sample

of interest in triplicates. Seal the plate and incubate overnight
at 4 °C. Gently remove the coating solution and wash the plate
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3.7 Flow Cytometry
to Detect Proteins

in the Extracellular
Vesicles Surface

1.

three times by filling the wells with 200 pl PBS. After each
washing step, make sure that the wells are totally dry before
starting the next step.

. Block the remaining binding sites in the coated wells by adding

200 pl blocking buffer. Seal the plate and incubate for 2 h at
37 °C. Wash the plate three times by filling the wells with 200 pl
of PBS+ 0.3% TritonX-100 and once with 400 pl of PBS (this
amount ensures that any excess of detergent is removed).

. Dilute the antibody of interest in sterile PBS to the appropriate

concentration. The information regarding appropriate concen-
tration is generally supplied by the antibody manufacturer; oth-
erwise it should be empirically determined. Anti-STI1 antibody
was diluted to a concentration of 8 ng,/pul. Add 100 pl of diluted
antibody to each well. Seal the plate and incubate overnight at
4 °C. Wash the plate three times by filling the wells with 200 pl
of PBS+ 0.3 % TritonX-100 and once with 400 pl of PBS.

. Dilute the HRP-conjugated secondary antibody in PBS to the

appropriate concentration. In the case of STI1, anti-rabbit-
HRP was diluted 1:1000. Add 100 pl of diluted antibody to
each well, seal the plate, and incubate for 1 h at 37 °C. Wash
the plate three times by filling the wells with 200 pl of PBS+
0.3% TritonX-100 and once with 400 pl of PBS.

. Add 50 pl of OPD substrate solution in each well and incubate

the plate in the dark, until the color development (approximately
15 min) at room temperature. Stop the reaction by the addition
of 50 pl of 4 N H,SO,. Read the absorbance at 490 nm.

. Once the intensity of each well has been measured on the plate

reader, calculate the average absorbance values for each tripli-
cate sample. Then generate a standard curve by graphing the
mean absorbance for each sample (x-axis) vs. the standard con-
centration (y-axis). Draw the trendline for the data to generate
the equation of the line (i.e., y=mx+ b, m=slope of the line
and &=yintercept). Calculate the concentration of each sample
by using the average of the triplicate samples for x in the equa-
tion (see Note 6).

Prepare EVs by ultracentrifugation method, and resuspend the
pellet in 200 pl of fresh sterile PBS. For example, one prepara-
tion starting from 35 ml of astrocyte-conditioned media yields
sufficient material for the analysis of five samples.

. Mix the vesicle preparation with 20 pl of aldehyde /sulfate latex

beads for 30 min at room temperature. Add PBS to a final vol-
ume of 1 ml, and incubate overnight at 4 °C under agitation.

. Prepare a set of beads with no vesicles to be used as negative

controls in the flow cytometry. Incubate 20 pl of aldehyde/
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3.8 Proteinase K
Digestion of Proteins
from the Surface

of Extracellular
Vesicles

sulfate latex beads with 1 ml of PBS and follow the same
procedures indicated for the vesicle /bead preparation.

. To block remaining binding sites, incubate vesicle-coated

beads for 30 min at room temperature with 110 pl of 1M gly-
cine. Wash the vesicle/bead complexes by centrifuging for
3 min at 1600 x g, room temperature, discard the supernatant,
and resuspend the bead pellet in 1 ml PBS/BSA 0.5 %. Repeat
this step twice (a pellet will become visible in the side of the
tube after the second wash). Resuspend the pelletin 1 ml 0.5%
BSA in PBS and split the sample in five tubes (200 pl each).

. Use a sample of 200 pl to each analysis. One sample must be

used as negative control stained with isotype-matched antibody.
Incubate the remained samples with the desired antibodies for
1 h at 4 °C. The information regarding appropriate concentra-
tion is generally supplied by the antibody manufacturer; other-
wise it should be empirically determined. In the case of
anti-STI1, incubation was done with 20 ng of antibody. Use
other surface exosomal proteins as a positive control (Flotillin-1
and CD-9 for example). Use one sample of an exosomal internal
protein as a negative control (Hsp90).

. Wash the vesicle /bead complexes by centrifuging for 3 min at

1600 x4, room temperature, discard the supernatant, and
resuspend the bead pellet in 1 ml BSA 0.5% in PBS.

. Incubate all the samples with secondary antibody (fluorophore-

conjugated secondary antibody) to the appropriate concentra-
tion. In case of STI1, Alexa 546 anti-rabbit was used at 1:200
concentration at 4 °C for 40 min. Analyze antibody-stained
vesicle /bead complexes on a flow cytometer. Adjust the for-
ward scatter (FSC) and side scatter (SSC) to see both single
beads and doublet beads. Compare fluorescence obtained with
specific antibody and with irrelevant isotype control (Fig. 3).

. Isolate EVs by ultracentrifugation method. For primary astro-

cytes cultures we use 35 ml of conditioned media. Resuspend
the pellet in 300 pl of PK buffer and split it into three tubes
(100 pl each). One tube will be the control (no PK treatment),
one tube will be PK treated, and one tube PK treated + Triton
X-100 0.5% (this is a positive control for the PK digestion;
since the Triton will solubilize the membrane all proteins

should be digested).

. In tube 1 add 400 ng of PK, and in tube 2 add 400 ng PK and

10 pl of 5% Triton X-100. Incubate the reactions at 37 °C for
10 min. Add Laemmli buffer to the final concentration of 1x
and perform Western blot against the protein of interest.

. Compare the signal intensity in each lane. The lane with no PK

represents the total protein. The lane treated with PK+ Triton
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Fig. 3 Scheme of the preparation steps for the flow cytometry of extracellular vesicles

X-100 should present no signal. If there is still a visible band in
this conditions the digestion was incomplete and should be
repeated with an increased concentration of PK. If the extra-
cellular vesicle contains the protein of interest at surface, the
intensity of the PK-treated band should be lower than the con-
trol with no PK.

4 Notes

. Western blot of conditioned media can be tricky due to the large

amounts of albumin that are contained in the serum used to
grow cells, which will distort the electrophoretic run, especially
around 60 kDa. One alternative to overcome this difficulty is the
use of serum-free media for the conditioning. However cells can
be sensitive to serum starvation, so this option is not always
viable. Additionally, serum starvation may alter secretion path-
ways, so this also has to be considered in the analysis. In cases
where serum is used, it must be previously cleared of extracel-
lular vesicles by ultracentrifugation at 100,000x4 for 16 h.
Other alternative is the isolation of the extracellular vesicles by
ultracentrifugation or gel filtration chromatography, which
removes the albumin. In the cases where extracellular vesicles
are isolated by ultracentrifugation, pellets can be resuspended in
volumes sufficient for loading on the SDS-PAGE gel. However,
separation by gel filtration chromatography yields fractions of
3.5 ml that will need to be concentrated in order to reach ade-
quate volumes for an SDS-PAGE. Concentration of the volume
may be achieved by TCA precipitation.

. Astrocytes can be maintained in complete confluence and a

75 cm? bottle of confluent astrocytes yields approximately
3x 108 vesicles/ml in a total of 5 ml of media, which is suffi-
cient for most applications [5]. However, different cells may
have different yields of vesicles and thus escalation may be
needed if working with other types of cells. Additionally, since
some types of cells cannot be grown to confluence, the optimal
condition for each cell must be preserved. In those cases, it is
preferable to grow multiple plates with fewer amounts of cells.
High apoptotic rates should also be avoided, since these cells
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secrete apoptotic bodies that could be mistaken for extracellular
vesicles. We do not recommend freezing the conditioned media
or separated extracellular vesicles, since a rupture of the vesicles
can occur with freezing.

. In astrocyte-conditioned media, the 1-h centrifugation separates

vesicles of average size of 300 nm, while the 2-h centrifugation
separates vesicles of average size of 200 nm and the 16-h cen-
trifugation separates vesicles of an average size of 150 nm.

. As the column gets packed, the speed of packing reduces con-

siderably; do this procedure in advance as it may take several
hours. To improve speed, when the slurry settles in the col-
umn, the excess PBS can be removed with a pipette and more
50:50 bead/buffer can be added. Do not leave the column
unattended for long periods when the stopcock is open as the
columns may run out of buffer and overdry. If the surface of
the beads turns an opaque white, beads are dehydrating, which
may be prejudicial to the chromatography.

. Columns may be stored mounted at room temperature just by

turning off the pump and closing the column outlet. For pres-
ervation during long periods of inactivity pump 4-5 bead bed
volumes of PBS containing 20 % ethanol or 0.1 % sodium azide.
For use after long-term storage wash out preservative by
pumping 4-5 bead bed volumes with PBS.

. If the concentration of the sample exceeds the highest point of

the curve or does not lie within the linear range of the curve,
then dilute the sample prior to measurement. If a diluted sam-
ple is used, remember to multiply by the dilution factor to
obtain the final concentration value.
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Chapter 12

Analysis of Yeast Extracellular Vesicles

Marcio L. Rodrigues, Debora L. Oliveira, Gabriele Vargas,
Wendell Girard-Dias, Anderson J. Franzen, Susana Frasés,
Kildare Miranda, and Leonardo Nimrichter

Abstract

Extracellular vesicles (EV) are important carriers of biologically active components in a number of organ-
isms, including fungal cells. Experimental characterization of fungal EVs suggested that these membra-
nous compartments are likely involved in the regulation of several biological events. In fungal pathogens,
these events include mechanisms of disease progression and/or control, suggesting potential targets for
therapeutic intervention or disease prophylaxis. In this manuscript we describe methods that have been
used in the last 10 years for the characterization of EVs produced by yeast forms of several fungal species.
Experimental approaches detailed in this chapter include ultracentrifugation methods for EV fractionation,
chromatographic approaches for analysis of EV lipids, microscopy techniques for analysis of both intracel-
lular and extracellular vesicular compartments, interaction of EVs with host cells, and physical chemical
analysis of EVs by dynamic light scattering.

Key words Fungi, Yeast, Extracellular vesicles, Cryptococcus, Candida, Saccharomyces

1 Introduction

Organisms of the three domains of life shed extracellular vesicles
(EVs) into their microenvironment [1]. During the last decade,
it has been demonstrated that EVs play fundamental roles in can-
cer, infectious diseases, and neurodegenerative disorders, sug-
gesting potential targets for diagnosis, prognosis, and therapeutic
intervention in different syndromes [2]. EVs are spherical bilay-
ered compartments ranging in diameter from 20 to 1000 nm [1].
Due to their complex molecular composition, characterization of
EVs in different biological systems requires a combination of
several experimental approaches, including centrifugation-based
protocols, microscopy techniques, chromatographic analysis,
proteomics, glycomics, lipidomics, and nucleic acid sequencing,
among others.

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_12, © Springer Science+Business Media New York 2016
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In the fungi, EVs were firstly described in the yeast pathogen
Cryptococcus neoformans [3]. Since then, EVs have been
characterized in yeast forms a number of fungal species, including
Candida albicans [4-7], C. pavapsilosis (8], Histoplasma capsulo-
tum [8], Malassezia sympodialis (9], Paracoccidioides brasiliensis
[7, 10-13], Saccharomyces cevevisine [ 14, and Sporothrix schenckii
[8]. Remarkably, studies with Alternaria infectoria provided the
only experimental evidence demonstrating that filamentous fungal
forms also produce EVs [15].

Fundamental biological properties have been suggested for
most of the fungal species listed above [ 3, 4,7-10,12,13,16-19].
However, many questions about fungal EVs remain still unan-
swered. In a context of high biological importance combined with
still obscure properties, it is clear that improving the methods for
analysis of fungal EVs will be determinant for advancement of the
field. In this manuscript, we describe protocols that have been used
by our group for the analysis of EVs produced by yeast forms of the
pathogens C. neoformans and C. albicans and by the model organ-
ism S. cerevisine.

2 Materials

2.1 Media

for Storage

and Growth of Yeast
Gultures

Prepare all solutions with ultrapure water (18.2 MQ cm at 25 °C)
and analytical grade reagents.

1. Media: Yeast cells can be stored in standard media used for
fungal growth, including Sabouraud’s medium and brain-heart
infusion (BHI).

2. Sabouraud’s broth (2% dextrose and 1% peptone): Weight
d-glucose (20 g) and meat peptone (10 g) and make up to
1000 ml with water. Sterilize through autoclaving.

3. BHI medium: Dissolve 37 g of BHI in 1000 ml water. Sterilize
through autoclaving.

4. Solid media: Prepare Sabouraud’s or BHI broth as described
above and supplement with 2 % agar (20 g per liter) (see Note 1).

5. Minimal medium (MM): 15 mM d-Glucose, 10 mM MgSO,,
294 mM KH,PO,, 13 mM glycine, 3 pM thiamine-HCL
Dissolve d-glucose (2.7 g), MgSO, (1.2 g), KH,PO, (4 g),
glycine (1 g), and 10 pl of thiamine solution in 800 ml water.
Stir, adjust pH to 5.5, and make up to 1000 ml with water in
a volumetric cylinder.

6. 0.3 M Thiamine solution: Dissolve 100 mg of the vitamin in
1 ml of water and filter through sterile 0.22 pm membranes.
Add 10 pl of the thiamine stock solution for each liter of MM.
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. Phosphate-buffered saline 0.01 M (PBS): Dissolve 0.26 g

KH,PO,, 1.25 g K,HPO,, and 8.71 g NaCl in a beaker con-
taining 700 ml of water. Stir, adjust pH to 7.4, and make up to
1000 ml with water in a volumetric cylinder. Filter through
sterile 0.22 pm membranes. Store at 4 °C.

. Membranes for filtration and ultrafiltration, respectively:

0.4 pm Polycarbonate membrane and 100 kDa polyethersul-
fone membrane for stirred ultrafiltration cells.

. Density gradient: Stock solution of 60% iodixanol in water.

Gradient fractions (6%, 7.2%, 8.4%, 9.6%, 10.8%, 12%,
13.2%, 14.4%, 15.6%, 16.8%, 18 %) are diluted in water.

. HPTLC silica gel 60F,54 plate: Glass plates with 5 cmx 10 cm

dimension.

. Separation solvent: Combine hexane, diethyl ether, and glacial

acetic acid to form a 40:20:1 (vol:vol:vol) mixture (see Note 2).

. Sterol detection reagent: 0.05 % FeCl;, 5% acetic acid, and 5%

sulfuric acid. Weight 0.05 g FeCl; and dissolve in 90 ml water
in a glass beaker. Add 5 ml of glacial acetic acid. Slowly add
5 ml of concentrated sulfuric acid. Stock at room temperature
and protect from light.

. Sterol quantification: Amplex Red cholesterol assay kit

(Molecular probes).

. Dissolving buffer: Chloroform:methanol:0.75% KCI (8:4:3,

v/V/V).

. Ergosterol.

. Protein quantification: BCA protein assay kit (Pierce).

. 1,1"-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine solu-

tion (Dil) staining solution: Add 5 pl of stock solution (1 mM)
to 995 pl of PBS. Mix well by gently pipetting (see Note 3).

. Macrophage-like cultures: RAW 264.7 murine macrophages

(American Type Culture Collection).

. Sodium pyruvate.

. L-Glutamine.

. Gentamicin.

. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
. 2-Beta-mercaptoethanol.

. Complete Dulbecco’s minimal essential medium (DMEM)

supplemented with 10% fetal calf serum (FCS): Add 10 ml of
filter-sterilized FCS to 90 ml of DMEM. Supplement with
2 mM L-glutamine, 1 mM sodium pyruvate, 10 mg,/ml genta-
micin, 10 mM HEPES, and 50 mM 2-beta-mercaptoethanol.
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2.6 Transmission
Electron Microscopy

2.7 Cryoultra-
microtomy and
Immunogold Electron
Microscopy

1.

O 0 N N U R W

10.
11.
12.

13.

QN U B W

Cellulose capillaries for high-pressure freezing (Leica
Microsystems): 200 pm inner diameter, wall thickness 8 pm.

. High-pressure freezing-carries filling: 1-Hexadecen.
. Osmium tetroxide.

. Acetone.

. Glutaraldehyde.

. Uranyl acetate.

. Lead citrate.

. Sodium citrate.

. Freeze substitution medium: To prepare the osmium tetroxide

stock solution, dilute 1 g of the crystal in 25 ml of pure ace-
tone. For the working solution, mix 500 pl of 4% osmium
tetroxide in acetone, 1.4 pl of 70% glutaraldehyde, and 9.6 pl
of deionized water and add pure acetone to complete 1 ml.
Keep the solution frozen in liquid nitrogen.

Epoxide resin embedding: Epon-812 or Spurr (EMS).
Electron microscopy copper grids: 200 mesh grid and slot grid.

Post-staining solutions: To prepare 5% uranyl acetate, add
2.5 g of the solid to 50 ml of distilled water. Store at room
temperature protected from light; solution can be used 24 h
after preparation. To prepare Reynold’s solution, add 1.33 g of
lead citrate, 1.76 g of sodium citrate, and 5 ml of 1 N NaOH
to 30 ml of distilled water. Stir for 10 min and make up to
50 ml with water. Store at 4 °C.

Substitution medium: 2 % Osmium tetroxide, 0.1 % glutaralde-
hyde, and 1% of water in acetone.

. 0.2 M Sodium cacodylate buffer: Add 21.4 g of the solid to

400 ml of distilled water. Adjust pH to 7.2-7.4 and add dis-
tilled water to complete 500 ml.

. Formaldehyde.

. Gelatin.

. Polyvinylpyrrolidone.

. Methylcellulose.

. Fixation medium: Mix 4 pl of 25% glutaraldehyde, 250 pl of

16% formaldehyde, 500 pl of sodium cacodylate buffer, and
246 pl of distilled water. Adjust pH to 7.2.

. Sample preparation and cryoprotectant solutions: For 10%

gelatin, add 1 g of gelatin powder to 5 ml of warmed distilled
water under shaking. After dissolution, make up to 10 ml with
water. For 2.3 M sucrose/PVP solution, add 2.5 g of
polyvinylpyrrolidone (PVP) to 5 ml of 2.3 M sucrose (pre-
pared previously by adding 78.7 g of the solid to 100 ml phos-
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phate buffer 0.1 M, pH 7.2). Leave the solution overnight

under shaking and add 2.3 M sucrose to complete 10 ml. Store
at =20 °C.

. Thawing and staining solutions: To prepare 3% methylcellu-

lose, add 0.3 g of methylcellulose to 10 ml of water. For stain-
ing solution, prepare a 9:1 (v/v) mixture of 3% polyvinyl
alcohol (PVA) (previously prepared by adding 0.3 g of PVA to
10 ml of water) and 5 % uranyl acetate (prepared as mentioned
above).

. Grid washing solution: 3 g BSA per 100 ml PBS, pH 8.0.
10.

Quenching solution: Add 26 mg of NH,ClI to 10 ml of PBS,
to form 50 mM NH,CI.

3 Methods

3.1 EVlIsolation

3.2 Analysis
of Sterol and Protein
EV Gontent

. Pick up a single colony from stock cultures and inoculate into

an Erlenmeyer flask containing 20 ml of MM (Subheading 2.1).
Incubate for 48 h at 30 or 37 °C under shaking (150 rpm).

. Transfer the culture to 600 ml of liquid media contained in 2 |

Erlenmeyer flasks. Cultivate yeast cells up to stationary phase
(cell density of approximately 1 x 108 cells/ml) at 30 or 37 °C
with shaking (150 rpm).

. Remove fungal cells and debris by sequential centrifugations at

4000, 10,000, and 15,000 x g for 15 min, at 4 °C. Discard pel-
lets after each centrifugation step. Vacuum-filter cell-free
supernatants through 0.4-0.8 pm polycarbonate membranes
to remove possible cellular contaminants.

. Concentrate supernatants approximately 20-fold using the

ultrafiltration system (100 kDa cutoff membrane). Ice baths
may be used to prevent microbial contamination.

. Ultracentrifuge concentrated supernatants at 100,000 x4 for

1 h at 4 °C; resulting pellets are usually not visible. Discard
ultracentrifugation supernatants and gently suspend pellets in
PBS. Repeat the ultracentrifugation protocol twice, always dis-
carding supernatants. Suspend pellets in 200 pl PBS (crude EV
fractions) or, alternatively, use dry pellets for lipid extraction.
For C. neoformans EVs, removal of contaminant glucuronoxy-
lomannan (GXM) is required (se¢ Note 4). For further EV frac-
tionation, iodixanol density gradient may be used (se¢ Note 5).

. Add 300 pl methanol and 600 pl chloroform to a 120 pl suspen-

sion of crude EVs. Alternatively, the 900 pl methanol-chloroform
mixture can be added to dry ultracentrifugation pellets. Vortex
vigorously for 10 s. White precipitates (protein aggregates or
polysaccharides) are usually formed.
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3.3 Sample
Preparation by High-
Pressure Freezing
and Freeze
Substitution

for Routine TEM
Observation and/or
Electron Tomography

2.

Spin down for 10 s at 2000 x g at 4 °C; a two-phase system will
be formed. Discard the upper phase and concentrate the lower
phase to dryness under a N, stream.

. Fractionate the dry lower phase according to the Folch partition

method [20] by dissolving the sample in 1 ml of dissolving buf-
fer. Vortex vigorously and collect the lower phase enriched with
neutral lipids. Concentrate to dryness under a N, stream.

. Dissolve the sample in 60 pl ofa 2:1 (v/v) chloroform:methanol

mixture. Using a microliter syringe, load 20 pl of the lipid mix-
ture into an HPTLC silica gel plate to form band-shaped load-
ing areas 0.5-1 cm wide, 1 cm above the bottom of plate.
Sterol standard (ergosterol, 2 pg) is required for retention fac-
tor (Rf) comparisons between samples.

. Place the HPTLC plate in a chromatography chamber under

the conditions described in Subheading 2.3. Remove plates
from the chamber when the distance between the solvent front
and the plate’s edge is approximately 1 cm. Wait for natural
solvent evaporation in a chemical hood (10-15 min, room
temperature).

. Spray the dry plate with the sterol detection reagent (subhead-

ing 2.3) and heat it at 100 °C for 5 min (Fig. 1). Sterols
develop as purple bands. For densitometry analysis of the
spots, we recommend Image] software (imagej.nih.gov/ij/).

. Quantify sterols with the Amplex Red Cholesterol assay kit,

tollowing the manufacturer’s instructions.

. Quantify proteins with the BCA protein assay kit [5] (se¢ Note

6). Protein identification can be performed through LC-MS/
MS proteomics, as previously described [4, 14]. Proteomics
protocols are out of the scope of this chapter and will not be
described here.

. Prepare yeast cell or EV pellets as detailed in Subheading 3.1.

Place pellets between two types of aluminum carriers, protect-
ing the biological material within the 200 pm cavity on one
carrier (fill the whole cavity). Alternatively, cells or EVs may be
placed in 200 pm wide cellulose capillaries previously cut into
2 mm pieces (for fitness into 3 mm HPF carriers) (see Note 7).

. Mount the sandwiched samples in the HPF holder and freeze

it using high-pressure freezing equipment (HPM 010 or 100,
Bal-Tec, Corp., Liechtenstein). The machine should be previ-
ously loaded with liquid nitrogen. After freezing, carriers are
removed from the holder and stored in liquid nitrogen.

. Remove samples carefully from liquid nitrogen and immerse

them in the substitution medium (see Note 8).
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Solvent front
Ergosterol = {1 EV sterol
standard extract
Sample loading

Fig. 1 lllustrative HPTLC analysis of a sterol extract obtained from crude EV
fractions

4.

10.

Apply a substitution-heating curve consisting of keeping the
samples for 72 h at 90 °C, 15 h at -20 °C, and 2 h at 4 °C.

. After substitution, wash the samples three times with acetone

at room temperature. Embed samples in epoxide resins (Epon
or Spurr). Polymerize at 60 °C for 72 h.

. Using a ultramicrotome, obtain 70 nm thick sections for con-

ventional transmission electron microscopy or 200 nm thick
sections for electron tomography and collect the sections in
200 mesh copper grids. Alternatively, series of sections may be
obtained and collected on formvar-coated slot grids.

. Post-stain the grids for 20 min in 5% uranyl acetate in water

and 5 min in 1% lead citrate (post-staining solutions, 2.7). For
electron tomography, incubate both sides of the grids in 10 nm
colloidal gold for 5 min and wash with distilled water.

. Transfer the grids to a transmission electron microscope and

acquire images using either a film or a digital acquisition sys-
tem (CCD camera).

. For electron tomography, transfer the grids containing the

200 nm thick sections to a transmission electron microscope
equipped with electron tomography capabilities, operating at
200 kV.

Position the grid to ensure that the grid’s bars are parallel to
the axis of the tomography holder to minimize obstruction of
the electron beam at high tilt angles. Similarly, for slot grids
containing serial sections, position the slot (assuming that the
ribbon of serial sections is placed along the slot axis) parallel to
the holder axis.
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3.4 Cryoultra-
microtomy

and Immunogold
Electron Microscopy

11. After defining the region of interest, perform the corrections
of eccentric height and focus, and record the tilt series from
-70° to +70° with an angular increment of 1° or 2°.

12. At the end of the tomography acquisition, a single file compris-
ing the tilt series will be generated (MRC file). Align the tilt
series based on fiducial markers (colloidal gold applied as men-
tioned above) with appropriate software (for example, IMOD
software package—University of Colorado, USA).

13. After alignment of the tilt series, perform the three-dimensional
(3D) reconstruction using, for example, weighted back projec-
tion or SIRT. We suggest the IMOD software package
(University of Colorado, USA). A 3D model can be generated
automatically by manual segmentation of the structures of
interest in the 3D volume (Fig. 2). Different software is avail-
able for this purpose, including IMOD software package
(University of Colorado, USA), AMIRA (Visage Imaging,
USA), and Cytoseg (National Center for Microscopy and
Image Research, USA).

1. For immunogold labeling, fungal cells in the fixation medium
(Subheading 2.8) for 1 h at 4 °C.

2. Wash the cells twice in 0.1 M sodium cacodylate buffer and spin
down to obtain strongly tight pellets. If firm pellets are not
formed, alternatively embed sediments in 10% gelatin. With a
toothpick, transfer the pellet and the surrounding buffer to a
parafilm-covered Petri dish. Section the sediment in 2 mm wide
cubes using a razor blade. Transfer pellet pieces to the polyvinyl-
pyrrolidone /sucrose cryoprotectant solution (Subheading 2.8)
and incubate for 2 h. Mount the pellet in cryoultramicrotomy
holders and plunge it into liquid nitrogen, making a fast circular
movement to avoid freezing by nitrogen gases formed around
the sample (Leidenfrost effect).

3. Transfer the sample to a previously cooled cryoultramicrotome
loaded with a glass or cryodiamond knife. Sample and chamber
temperatures should be adjusted to -90 °C; knife temperature
must be =70 °C. Obtain ultrathin cryosections, arrange them
with an eyelash, and collect them in 2.3 M sucrose or 3%
methylcellulose (Subheading 2.8), using a wire loop.

4. Thaw the sections over formvar-coated 300 mesh nickel grids
and transfer them to the grid washing solution, cells facing
down. Incubate the grids for 30 min in quenching solution
(Subheading 2.8).

5. Wash the grids three times for 5 min with the grid washing
solution.

6. Incubate the grids with the primary antibody for 1-3 h.
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Fig. 2 Three-dimensional reconstruction of a whole S. cerevisiae cell by serial electron tomography. Cells were
prepared using the high-pressure freezing-freeze substitution protocol described here. A ribbon of 200 nm
sections was obtained by ultramicrotomy and collected in formvar-coated slot grids. Tilt series of +70° ata 1°
interval was obtained from each profile of the cell in each section and reconstructed. Segmentation was per-
formed in IMOD, as described before. (a) Virtual section of a tomogram showing the general structure of the
cell. Budding extracellular vesicles are shown in blue. (b, ¢) Projection of virtual sections and reconstructed
models of intracellular structures at different angles. B—Orthogonal projection, C—tilted view. (d) 3D model
of the reconstructed volume (whole cell) showing the segmentation of a few surface and intracellular struc-
tures. Blue: Extracellular vesicles. Red: Nucleus. Yellow. mitochondria (partial segmentation). Green: Plasma
membrane-intracellular space. Bar: 1 pm

7. Wash the grids three times for 10 min with the grid washing
solution (Subheading 2.8). Incubate the grids with the
secondary antibody conjugated with gold particles of varying
sizes, depending on the structure that should be labeled (usu-
ally between 5 and 15 nm).
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Fig. 3 TEM (a) and DLS (b) analyses of S. cerevisiae EVs. In (a), each individual panel exemplifies the typical
vesicle morphology for wild-type (WT) and secretion mutants (sec4.2 and snf7). Scale bar, 100 nm. B. Light
scattering analysis showing diameter distribution and average values of vesicles obtained from WT or mutant
(sec4-2 and snf7) cells. For strain details, see ref. 14, from which this figure has been reproduced

3.5 Physical
Chemical Analysis
of EVs s by Dynamic
Light Scattering (See
Note 9)

8.

1.

Wash the grids three times for 10 min with grid washing solu-
tion, and then quickly wash in water (30 s each wash). Place
the grids in a mixture of PVA-uranyl acetate staining solution
for 10 min. Drain off the excess of liquids and let the grids
naturally dry at room temperature before observation in a
transmission electron microscope (Fig. 3a).

Analyses of fungal EVs by dynamic light scattering (DLS) in
our laboratory during the past 5 years have been performed
using a quasi-elastic light scattering (QELS) in a 90Plus/
BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven
Instruments Corp., Holtsville, NY). Suspend purified vesicles
in PBS until current count rate is between 10,000 and 90,000
counts per second. DLS analysis should be performed at 22 °C
with an equilibrium time of 2 min. A minimum of six replicates
with five measurements per replicate should be used.

. Check the raw correlation data to ensure that the amplitude

(y-intercept) is stable and the correlograms are smooth (i.e.,
decay exponentially to a flat baseline) (see Note 10). Discard
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the sample if sediment is visible at the bottom of the cuvette
following measurements (se¢ Note 11).

. Report the mean z-average diameter and mean polydispersity

index along with their standard deviations based on the
replicates.

. Obtain the multimodal size distributions of particles (Fig. 3b)

by a non-negatively constrained least squares algorithm (NNLS)
based on the intensity of light scattered by each particle.

. Prepare 995 pl of an EV suspension with total sterol content

adjusted to 2 pg/ml. Add 5 pl of Dil (stock solution,
Subheading 2, item 5) (see Note 12). Incubate the suspension
for 15 min at 25 °C protecting from light.

. Ultracentrifuge Dil-stained EVs at 100,000x 4 for 1 h, 4 °C,

and discard the supernatant. Wash stained EVs with PBS three
times as described in Subheading 3.2.

. Suspend Dil-stained EVs to generate samples with sterol con-

centrations corresponding to 2 pg/ml. For EV suspension, use
media suitable for interaction with host cells [4, 8, 17] as men-
tioned in Subheading 2.4.

. To prepare negative controls, repeat the procedures above

with fractions containing no vesicles.

. Place RAW 264.7 cells previously suspended in suitable media

(Subheading 2.6) into glass cover slip-covered wells of 24-well
plates. Initial cell density will correspond to 2 x 10° cells/well.
Incubate at 37 °C in a 5% CO, atm until macrophages firmly
adhere to the plate (approximately 2 h).

. Replace culture media with fresh media (500 pl) containing

Dil-labeled EV suspensions with sterol concentrations vary-
ing from 1 to 0.001 pg/ml. Incubate at 37 °C (5% CO,) for
15 min, 1 h, 16 h, and 24 h. After each time point wash
monolayers three times with 500 pl PBS and fix the cells
with 4% paratormaldehyde (in PBS) for 1 h at 25 °C or
overnight at 4 °C.

. Transfer glass cover slips to glass slides containing 3 pl of

PROLONG GOLD antifade (Life Technologies P36934). Seal
with uncolored nail polish and let cover slips dry for 60 min.

. Observe slides under fluorescence microscopy (excitation,

546 nm; emission, 590 nm). If available, microscopes
equipped with deconvolution systems will allow simpler
interpretation of the intracellular distribution of EVs, as illus-
trated in Fig. 4.
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Fig. 4 Tridimensional analysis showing cell surface binding and internalization of
Dil-stained C. albicans EVs in a dendritic cell model. Z-stacks and deconvolution
profiles were obtained on an AxioVision 4.8 (Carl Zeiss International) inverted fluo-
rescence microscope. EVs are shown in red; nucleus is stained in blue (DAPI) and
the cell surface is stained in green (3-cholera toxin subunit-FITC; details in [4])

4 Notes

1. Autoclave and distribute media into Petri dishes (20 ml per
13 mm plates) before the temperature reaches 50 °C. Keep
plates for 5 min at room temperature for agar solidification.

2. Pre-saturate the chromatographic chamber with the solvent mix-
ture by adding the separation solvent to the chamber’s bottom
part and incubating for 10 min in a gas hood. The mixture must
be freshly prepared and used only once to avoid changes in con-
centration due to evaporation. Volumes will vary depending on
chamber dimensions; 0.5 cm solvent height is acceptable.

3. Alternative long-chain lipophilic carbocyanine analogs, such as
DiO, can be similarly used for EV staining.

4. To remove contaminant polysaccharide from preparations of C.
neoformans EVs, suspend pellets from the 100,000 x g centrifu-
gation in 50 pl PBS and add to the wells of a 96-well enzyme-
linked immunosorbent assay (ELISA) plate previously coated
with a monoclonal antibody to the major capsular polysaccharide
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of C. neoformans (MADb 18B7 to GXM; coating with 10 pg/ml
solution, for 1 h at room temperature; antibody provided by Dr.
Arturo Casadevall for the studies performed so far). Block with
PBS containing 1% BSA (1 h at 37 °C). Incubate the plates for
1 h at room temperature, and collect the unbound fraction, con-
taining vesicles free of soluble polysaccharides. Filter through
0.4 pm membranes to remove any potential aggregate or con-
taminating cells.

. Fractionate EVs by loading vesicle samples into an iodixanol
gradient (Optiprep). Prepare solutions of iodixanol ranging
from 6 to 18% in PBS, with 1.2% concentration increments
between each solution. Load iodixanol fractions sequentially
from higher (bottom) to lower (top) concentrations into the
centrifuge tube. Each fraction will have 300 pl and the final
volume in the tube will be 3.3 ml. Gently dispense the crude
EV suspension at the top of the 6% gradient fraction and ultra-
centrifuge at 250,000x g for 75 min. In our experience, a
Beckman swing-bucket rotor (50.1Ti) has been successtully
used. Keep ultracentrifuge brake off. Collect 11 fractions of
300 pl each from top to bottom. Fractions can be tested for
morphological features, biochemical composition, and biolog-
ical activity [21, 22].

. The BCA-based method is not efficient for protein detection
in  Cryptococcus EVs, likely because of polysaccharide
interference.

. Samples are taken into the void by capillarity, so it is important
to ensure that the space between the capillaries is filled up with
1-hexadecene, allowing pressure and heat transfer to take place.

. The substitution medium should be precooled to -90 °C using
a computer-controlled freeze substitution apparatus.

. DLS measures the hydrodynamic diameter. In analysis of EV
suspensions, light is scattered by vesicles; hence variations in
the intensity of the scattered light can be detected. The reason
explaining these characteristics relies on differences in the
phases of waves scattered by different particles. The DLS
experimental time-averaged autocorrelation data contains
information on all the diffusional timescales present in the sys-
tem. The data is usually fitted based on the cumulate approach
with a least number of exponential decays sufficient to repro-
duce the correlation curve. The following equations are used
tor data interpretation:

r=Dp (1)

with D being the diffusion coefficient of the nanoparticles and
g the scattering vector given by [23]
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q=4rni"sin(6 / 2) (2)

where 4 is the wavelength of the incident light, # is the refrac-
tive index of the suspension medium, and € is the scattering
angle. By using the “Stokes-Einstein” relationship the hydro-
dynamic diameter 4 of the particles can then be calculated on
the assumption of a log normal size distribution [23]:

d=kT /370D (3)

where % is the Boltzmann constant, T'is the absolute tempera-
ture, and # is the viscosity of the dispersing medium. This tech-
nique is extremely precise when there is a simple distribution of
decay times, e.g., for scattering from spherical nanoparticles
with a narrow distribution of sizes about a single mean, although
issues arise in accurately determining the size distribution.

Noisy correlograms and /or fluctuating amplitudes for a given
sample can be attributed to the presence of dust/foreign par-
ticles in the sample, concentration variations from sample pre-
cipitation or aggregation, solvent evaporation, or dirty cuvettes.

Sediment indicates that the sample either contains a significant
portion of large (micrometer) size particles or the target par-
ticles are unstable during the time frame of the experiment.

Dil and DiO are long-chain lipophilic carbocyanines that dif-
fuse laterally within the plasma membrane. Therefore, staining
with Dil can modify EV dimensions, which has been in fact
observed in our laboratory.
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Chapter 13

Exploring the Leishmania Hydrophilic Acylated Surface
Protein B (HASPB) Export Pathway by Live Cell Imaging
Methods

Lorna MacLean, Helen Price, and Peter 0’Toole

Abstract

Leishmania major is a human-infective protozoan parasite transmitted by the bite of the female phleboto-
mine sand fly. The L. major hydrophilic acylated surface protein B (HASPB) is only expressed in infective
parasite stages suggesting a role in parasite virulence. HASPB is a “nonclassically” secreted protein that
lacks a conventional signal peptide, reaching the cell surface by an alternative route to the classical ER-Golgi
pathway. Instead HASPB trafficking to and exposure on the parasite plasma membrane requires dual
N-terminal acylation. Here, we use live cell imaging methods to further explore this pathway allowing
visualization of key events in real time at the individual cell level. These methods include live cell imaging
using fluorescent reporters to determine the subcellular localization of wild type and acylation site muta-
tion HASPB18-GFP fusion proteins, fluorescence recovery after photobleaching (FRAP) to analyze the
dynamics of HASPB in live cells, and live antibody staining to detect surface exposure of HASPB by confo-
cal microscopy.

Key words Live cell imaging, Lesshmania, Nonclassical protein secretion, FRAP (fluorescence recov-
ery after photobleaching), HASPB (hydrophilic acylated surface protein B), Acylation

1 Introduction

The Leishmania-specific HASPs are lifecycle stage-regulated, with
protein expression restricted to infective extracellular metacyclic
promastigotes and intracellular amastigotes. The protein displays
both inter- and intraspecific variation, mainly in the central amino
acid repeat regions [1-6]. The L. major cDNA16 locus on chro-
mosome 23 contains genes encoding HASPB, the closely related
HASPA, and another stage-regulated protein, small hydrophilic
endoplasmic reticulum-associated protein (SHERP). The cDNA16
locus is essential for differentiation of host-infective parasites (a
process termed metacyclogenesis) in the midgut of the sand fly
vector [7]. HASPB protein is immunogenic in the host [8, 9] and
low-dose vaccination with recombinant Leishmania donovani
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HASPB can induce long-term T cell-mediated protection when
administered in the absence of exogenous antigen in mice [10-
12]. Although HASPB is a promising vaccine candidate, the func-
tion of this protein and its export pathway to the parasite plasma
membrane are not fully understood. It has been shown previously,
using green fluorescent protein (GFP) reporter cell lines, that the
N-terminal 18 amino acids of Leishmania major HASPB (termed
here as HASPB18) are sufficient for targeting to the promastigote
plasma membrane [2]. Key to this, N-terminal myristoylation and
palmitoylation are known to be essential co- and post-translational
modifications that facilitate trafficking of the protein to the plasma
membrane. While the wild type HASPB18-GFP reporter protein is
transported to the plasma membrane, disruption of the
N-myristoylation site (G2A mutation) prevents both acylation
events, resulting in retention of the HASPB18-GFP G2A reporter
protein in the cytosol [2]. In contrast, disruption of the N-terminal
palmitoylation site (C3S mutation) leads to accumulation of the
HASPB18-GFP C3S reporter protein in the vicinity of the Golgi.
At the plasma membrane, surface exposure of the HASPB-GFP
reporter protein has been detected biochemically by surface bioti-
nylation [2]. Although HASPB is a Leishmania-specific protein,
the HASPB trafficking pathway is conserved in higher eukaryotes
[13, 14]. Here, we describe the use of live cell imaging techniques
to further investigate the route by which HASPB is transported to
the plasma membrane and flagellum. We show using Lysotracker
RED and FM4-64 co-localization studies that HASPB18-GFP
CS3 protein is found not only at the Golgi but also in the lysosome
and in small acidic structures at the posterior end of the parasite,
not previously detected in fixed cells. The latter have been identi-
fied as a subset of autophagosomes by co-localization with mono-
meric red fluorescent protein (mRFP)-ATGS8 (Fig. 1) [15-17],
implicating these subcellular organelles in the transport pathway of
HASPB. Autophagosomes have also been implicated in the traf-
ficking pathway of Acbl, an unconventionally secreted protein in
yeast [ 18, 19]. We use fluorescence recovery after photobleaching
(FRAP) to analyze the dynamics of HASPB in live cells, demon-
strating that once localized at the plasma membrane, HASPB18-
GFP can undergo bidirectional movement within the inner leaflet
of the membrane and on the flagellum (Fig. 2a, ¢). We also show
that transfer of HASPB18-GFP between the flagellum and the
plasma membrane is compromised (Fig. 2d), leading to the
hypothesis that Leishmania parasites have a diffusion barrier that
separates the cell body membrane and flagellum, a mechanism that
may regulate the molecular composition of the flagellar membrane.
Lastly we describe live cell antibody labeling to detect surface
exposure of HASPB18-GFP (Fig. 3a, b), the metacyclic-specific
surface glycoconjugate, lipophosphoglycan (using mAb 3 F12),
and native full-length HASPB in wild type L. major metacyclic
parasites, showing that surface exposure of full-length HASPB
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Fig. 1 HASPB18-GFP localization in L. major promastigotes. Live cell imaging
methods were used to localize the HASPB18-GFP (a) and HASPB18-GFP C3S
fusion proteins (b) in transfected L. major parasites. These images were origi-
nally published in [17]. Top two panels: Live L. major expressing either GFP
fusion protein was imaged after immobilization in PBS-primed CyGEL and label-
ing with Lysotracker RED DND-99 or FM4-64 for 90 min. * small vesicular struc-
tures of unknown origin. Bottom panel: Live cell staining of HASPB18-GFP and
C3S parasites that are also expressing the autophagosomal marker, RFP-ATGS.
Arrowheads indicate subcellular compartments as follows: L, lysosome; FP, fla-
gellar pocket; E, endosomes; V, vesicle; AP, autophagosome. Size bar, 5 pm (all
images at the same magpnification)

correlates with entry into the mammalian-infective phase of the
extracellular parasite growth cycle (Fig. 3¢, d). In order to produce
accurate data with live cell imaging techniques, an effective and
reproducible method was required for total immobilization of the



194 Lorna MacLean et al.

Pre-bleach Pre-bleach

Pre-bleach  [8) Pre-bleach Pre-bleach

o

Membrane Bleach Pocket Bleach Flagellum Bleach Cell body Bleach Vesicle Bleach

Post-bleachtz2sec Post-bleacht,, 7sec Post-bleacht,, 2sec Post-bleacht, 6sec Post-bleacht,, 4sec

@
(=]

L=}

Post-bleach 37mins
ol
3000 /
> .’\1‘* N 2
£ 2000- z I‘,.t’-'"‘f""" Z2000 F2000
< s / H g |
T E2000 E o £
5 4 1 = a
& 1000 & & . % 1000] W
S Tollisemabibtbny © | G1000{k £ e
f 1000 PRy E {
| J o 1o
[ S
T 0 0 FTE % n % b % 0 10 20 30 40 50 60
0 10 20 30 40 50 60 0 10 20 30 40 50 &0 0 10 20 30 40 50 60 .
Ti i Time ] Time (s)
Time [ s) ol Time [ s]

Membrane FRAP FRAP Pocket Flagellum FRAP —Body FRAP Vesicle FRAP

Membrane 1 Flagellum Flagellum 1 Flagellum Vesicles

g!en:htnne 2 Membrane Flagellum 2

ocket Pocket
Flagellum Membrane

Laser bleach region

Bleach region recovery
Membrane region ofinterest
Flagelum region of interest
Pocket region of interest
Vesicle region of interest

Fig. 2 FRAP analysis of HASPB18-GFP intracellular movement. The dynamics and direction of GFP fusion pro-
tein movement in live CyGEL-immaobilized HASPB18-GFP (A-D) and HASPB18-GFP C3S (E) L. major parasites
were investigated by FRAP (fluorescence recovery after photobleaching) analysis. This data was originally
published in [17]. Pre-bleach, bleach, and post-bleach images are shown of a typical FRAP; the bleached
region of interest (ROI) and recovery at other parts of the cell over time are graphically represented below each
set of images, plotting GFP intensity versus time. (a). FRAP (red ROI) at the plasma membrane and analysis of
two adjacent plasma membrane ROIs (grey), flagellar pocket ROI (cyan), and flagellum ROI (pink). (b). FRAP
(red ROI) at the flagellar pocket and simultaneous analysis of plasma membrane ROI (grey) and flagellar pocket
ROI (pink). (c). FRAP (red ROI) at the flagellum and analysis of two flagellar ROIs (pink), flagellar pocket ROI
(cyan), and plasma membrane ROI (grey). (d). FRAP (red ROI) of the whole cell body and analysis of this ROl up
to 37 min post-bleach. (e). FRAP (red ROI) of vesicles in metacyclic HASPB18-GFP C3S and analysis of the
adjacent vesicle ROI (yellow). Size bar, 10 pm (all images presented at the same magnification)
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Fig. 3 (continued) and metacyclic-specific LPG (EC LPG 3 F12, using monoclonal 3 F12 antibody and
AlexaFluor-647 conjugated secondary antibody). Surface exposure of full-length HASPB was confirmed across
the entire cell body and flagellum in a punctate pattern. The DAPI-stained kinetoplast and nucleus are visible
and their relative positions identify this cell as a metacyclic parasite; this identification is also verified by stain-
ing with the metacyclic-specific antibody, 3 F12. EC HASPB co-localized with EC metacyclic LPG in this para-
site, which was intact at the time of labeling as indicated by the absence of Sulfo-NHS-AMCA staining. Size
bar, 5 um. (d). Flow cytometry analysis of early passage (p=3) L. major FVI wild type parasites sampled from
early log phase (Day 2), late log phase (Day 5), and stationary, metacyclic-rich phase (Day 7). Sulfo-NHS-AMCA
staining was used to distinguish live/dead cells to allow gating on live parasites only. Live parasites were
labeled for detection of EC HASPB and metacyclic-specific LPG as above
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Fig. 3 HASPB18-GFP and full-length HASPB are exposed on the surface of live metacyclic L. major. (This data
was originally published in [17].) (a). Confocal microscopic analysis of HASPB18-GFP surface exposure in
metacyclic L. major (following labeling with Sulfo-NHS-AMCA to distinguish between live and dead cells), using
mouse anti-GFP and detection by AlexaFluor-647-conjugated goat anti-mouse IgG. Extracellular HASPB18-
GFP (EC GFP) decorating the surface of the cell body and flagellum in a punctate distribution, while intracellular
protein was detected by GFP fluorescence. Size bar, 5 um. (b). Surface HASPB18-GFP exposure was deter-
mined by FACS analysis of live HASPB18-GFP L. major using the protocol in A (following labeling with Sulfo-
NHS-AMCA to distinguish between live and dead cells) using mouse anti-GFP and detection by
AlexaFluor-647-conjugated goat anti-mouse 1gG. Non-N-myristoylated HASPB18-GFP G2A parasites were
used as the control for nonsurface exposure. The live/dead analysis (left hand panel) detected 2% dead cells
in the HASPB18-GFP parasite population; the remaining analyses (center and right hand panels) are gated on
live cells only. EC GFP, extracellular GFP. (c). Confocal microscopy of live labeled early passage (p=3) L. major
for detection of EC HASPB (using polyclonal antibody 336 and AlexaFluor-488 conjugated secondary antibody)



196 Lorna MacLean et al.

highly motile Ledshmania promastigote parasites while maintaining
cell viability. Here we employed a technique previously validated
using a thermoreversible gel CyGEL (Biostatus Ltd, UK) which
allows reproducible live cell imaging in L. major, immobilizing
cells while maintaining a high level of cell viability (595 %) follow-
ing 2 h incubation in CyGEL [20].

2 Materials

2.1 L. major
Parasites
(Summarized
in Tables 1a—c)

2.2 L. major
Growth Media

p—

. L. major wild type (MHOM /IL /81 /Friedlin, FVI strain).

. Homozygous null (knock out, KO) L. major line,
AcDNA16::HYG/AcDNA16::PAC, deleted for the diploid
LmcDNA16 locus encoding the SHERP and HASP genes.

. L. major expressing the N-terminal 18 amino acids of HASPB
as a C-terminal fusion with GFP (HASPB18-GFP) from an
episomal pX NEO plasmid.

. L. major myristoylation-minus mutation of the HASPB18-
GFP transgene described above (HASPB18-GFP G2A).

. L. major palmitoylation mutant of the HASPB18-GFP trans-
gene described above (HASPB18-GFEP C35).

. L. major HASPB18-GFP transfected with N-terminal RFP-tagged
ATGS (subcloned from ATGS8-GFP into pNUS-HnRFD).

. L. major HASPB18-GFP C3S transfected with N-terminal
RFP-tagged ATGS.

. 500 ml of 5x Medium 199 (M199) supplemented with Earle’s
Salts: mix 27.45 g M199 powder, 0.825 g NaHCO3, make up
with H,O, adjust to pH 7.4 with NaOH and filter sterilize.
This can be stored at 4 °C for up to 6 months.

. 500 ml of 1x M199: use 100 ml 5x M199 plus the following
supplements: 10% (v/v) fetal calf serum (FCS), 40 mM
HEPES pH 7.4, 100 pM Adenine hemisulfate salt, 0.005%
(w/v) Hemin (from a stock solution of 0.25% (w/v) in 50%
(v/v) triethanolamine), 100 U penicillin /100 pg Streptomycin,
adjusted up to 500 ml with sterile water and filter sterilized.
This can be stored at 4 °C for up to 3 months.

. L. major transfected parasite lines: Transgenic L. major were
maintained in M199 under appropriate drug selection. L.
major expressing HASPB18-GFP and acylation mutants as
well as those expressing full-length HASPB-GFP were grown
in media supplemented with 100-500 ng/ml neomycin.
Parasites also expressing ATG8-GFP were additionally supple-
mented with 10 pg/ml blasticidin.
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L. major transgenic parasite lines

(a)

Transgene N-Terminal HASPB sequence Localization Druyg selection
HASPB18-GFP MGSSCTKDSAKEPQKSAD Flagellar pocket, plasma 100-500 ng/
membrane ml neomycin
HASPB18-GFP G2A MASSCTKDSAKEPQKSAD Cytosol 100-500 ng/
ml neomycin
HASPB18-GFP C3S MGSSSTKDSAKEPQKSAD Golgi, lysosome, acidic 100-500 ng/
vesicles ml neomycin
(b)
Transgene Description RFP-ATGS localization Druy selection
HASPB18-GFP/ N terminal 18aa HASPB/ Autophagosomes 100-500 ng/
REP-ATGS RFP-tagged ATGS ml neomycin
and 10 pg/
ml
blasticidin
HASPB18-GFP C3S/ Palmitoylation site mutant N Autophagosomes 100-500 ng/
RFP-ATGS8 terminal 18aa HASPB/ ml neomycin
RFP-tagged ATGS and 10 pg/
ml
blasticidin
(c)
Cell line Description Genorype Druy selection
cDNA16 KO Homozygous null, deleted for ~ AcDNA16::HYG/ 100-500 ng/

diploid LmcDNAIL6 locus AcDNA16::PAC
encoding SHERP, HASPA

and HASPB genes

ml neomycin

2.3 Live Cell Imaging 1. Fluorescent  reporters: 40 pM  FM4-64  (N-(3-
Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl)
Hexatrienyl) Pyridinium Dibromide) emission/excitation
maxima 515/640 nm; 50 nM Lysotracker Red DND-99
emission/excitation 577 /590 nm.

2. Thermoreversible immobilization gel: CyGEL (Biostatus
Ltd, UK).

24 Live Cell 1. Live/dead stain: 1 mM Sulfo-succinimidyl-7-amino-4-
Antibody Labeling methylcoumarin-3-acetic acid (Sulfo-NHS-AMCA).

2. Sulfo-NHS-AMCA termination reagent: 10 mM Tris-HCI in
water, adjust to pH 8.5, filter sterilize, store at room temperature.

3. Primary Antibodies (all diluted in blocking solution): Rabbit
polyclonal anti-HASPB336 (1:300); Mouse monoclonal anti-
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3F12 (undiluted); Mouse monoclonal anti-GFP (1:200;
Invitrogen).

4. Secondary Antibodies: AlexaFluor-488-conjugated goat anti-
rabbit IgG (1:250; Invitrogen); AlexaFluor-647-conjugated
goat anti-mouse 1gG (1:250; Invitrogen).

5. Antibody blocking solution: 1% (w/v) fatty acid-free bovine
serum albumin (BSA) in PBS, filter sterilize, and store 4 °C.

6. Fixing solution: 4% (w/v) paraformaldehyde in PBS, stored as
8% (w/v) at -20 °C.

7. Mounting solution:  Vectashield with Dapi (Vector
laboratories).

8. Phosphate buffered saline (PBS).

3 Methods
3.1 L. major Cell L. major promastigotes were maintained at 26 °C in vitro, inocu-
Culture lated into culture medium M199 at 10° ml! and grown from early

logarithmic procyclic parasites (day 2) to stationary phase metacy-
clic parasites (day 7) (Subheading 2.1; Table 1a—c) (se¢ Note 1).

3.2 Live Cell Imaging 1. Fluorescent reporters: To analyze the HASPB pathway in
detail, procyclic and metacyclic L. major HASPB18-GFP and
C3S palmitoylation mutant parasites were incubated live with
either Lysotracker RED or FM4-64 fluorescent tracers (sub-
heading 2.3, item 1) and immobilized in CyGEL (subhead-
ing 2.3, item 2) for imaging (se¢ Note 2).
2. Labeling: collect 1x 107 cells in microcentrifuge tubes by cen-
trifugation (800 x g for 10 min at RT), wash in PBS, and resus-
pend in 5 pl PBS.

3. Treat parasites with 40 pM FM4-64 or 50 nM Lysotracker Red
DND-99 for 90 min at RT.

4. Live Leishmania parasites were then immobilized for imaging
using CyGEL. This is an optically clear compound which is
liquid when ice cold but forms a solid matrix upon warming
to 15 °C and above (see Note 3) Live labeled parasites
(<10 pl) were immobilized by adding to 200 pl of ice-cold
PBS-primed CyGEL (CyGEL is supplied with 40x PBS) (see
Notes 4 and 5).

5. Aliquot a volume of 50-100 pl of each suspension (using pre-
cooled pipette tips) onto a glass coverslip (No. 1.5,22 x40 mm)
laid on several layers of tissue paper on top of a flat cold block.

6. Place a glass slide on top of the coverslip, allowing the mixture
to spread out briefly.

7. Lift the samples oft the cold block using the layers of tissue and
incubate at 20 °C for 5 min to allow the CyGEL to solidify.
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Antibody Labeling
and Imaging
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8. Invert the slides, seal by painting nail varnish around the cov-
erslip/slide edge and leave to dry for 5 min.

9. Parasites were then immediately imaged by confocal micros-
copy using a Zeiss LSM510 meta confocal microscope with a
Plan-Apochromat 63x /1.4 Oil DIC III objective. GFP trans-
gene expression was visualized using the 488 nm laser for exci-
tation with emission collected through a 505 LP filter; and
FM4-64 and Lysotracker RED were excited at 543 nm and
emission collected using a 560 LP filter.

10. The L. major HASPB18-GFP and C3S parasite lines express-
ing the autophagosomal marker mRFP-ATGS (Table 1b) were
immobilized and imaged as above (unlabeled), GFP excita-
tion/emission as above, mRFP excited at 561 nm and emis-
sion collected using a 590 LD filter.

11. All images were taken within 2 h of immobilization (se¢ Note 6).

FRAP analysis was performed on live mid to late log phase L. major
episomally expressing HASPB18-GFP and palmitoylation mutant
HASPB18-GFP C3S to investigate the dynamics and direction of
GFP fusion protein movement. Using the 488 nm laser to rapidly
photobleach a small region of interest (ROI) within the HASPB18-
GFP fluorescence, the ROI is repopulated by mobile unbleached
HASPB18-GFP molecules as the bleached molecules diffuse away
until equilibrium is reached (see Note 7).

1. Immobilize parasites in PBS-primed CyGEL on slides and
visualize GFP transgene expression by confocal microscopy as
described above in subheading 3.2, step 1 (see Note 8).

2. The laser scanned the selected ROI with 100 iterations at an
elevated laser power. Pre- and post-bleach images were col-
lected as part of a time series up to 156 s.

3. A further 37 min time point was included when the whole cell
body ROI bleach was performed.

4. Analysis was performed using SigmaPlotl]l and data fitted
according to a single exponential.

Labeling was performed on live parasites to detect surface proteins,
using methods designed to minimize antibody capping but maximize
signal. Prior to live cell staining, the amine-reactive fluorophore
Sulfo-NHS-AMCA was used to confirm cell viability; dead cells
stained with this reagent emit a strong blue fluorescence throughout
the cell and these were removed from further analysis [1, 21].

1. Analyze approximately 2x107 L. major FVI wild type para-
sites, LmcDNA16 locus KO (Table 1a, ¢), and those express-
ing HASPB18-GFP and HASPB18-GFP G2A (see Note 9).

2. Collect cells by centrifugation at 800x 4 for 5 min, remove
supernatant.
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. Wash cell pellet in 1 ml ice-cold PBS (se¢ Note 10).

4. Incubate cells with 90 pl Sulfo-NHS-AMCA (1 mM;

10.
11.

12.

13.

Subheading 2.4, item 1) on ice for 10 min, before termination
of the reaction by the addition of 10 mM Tris—-HCI pH 8.5 to
a concentration of 10 mM (addition of 10 pl of 100 mM Tris—
HCI pH 8.5; Subheading 2.4, item 2) [22].

. Wash cells three times with 1 ml cold 1% (w/v) fatty acid-free

BSA blocking solution (filter sterilized) (see Subheading 2.4,
item 5) and resuspend in 200 pl of blocking solution for 20 min
at 20 °C.

. Centrifuge cells at 800 x g at 10 min, remove blocking solution

before addition of 100 pl primary antibodies (Subheading 2.4,
item 3) for 30 min at 20 °C. Incubate Live L. major wild type
parasites with rabbit polyclonal anti-HASPB336 (1:300) [6]
and mouse monoclonal anti-3F12 (undiluted) [23] to detect
native extracellular HASPB and metacyclic-specific form of the
parasite surface glycoconjugate lipophosphoglycan (LPG)
respectively.

. Wash parasites three times in PBS and fix in 4% (w/v) parafor-

maldehyde /PBS (PFA; Subheading 2.4, item 6) for 20 min
on ice before being washed in PBS and secondary antibody (see
Subheading 2.4).

. Detect with 100 pl (1:250 in blocking solution) AlexaFluor-488-

conjugated goat anti-rabbit IgG and AlexaFluor-647-conjugated
goat anti-mouse 1gG respectively for 60 min at 20 °C.

. Detect extracellular GFP in HASPB18-GFP and HASPB18-

GFP G2A parasites by incubation of live cells with mouse
anti-GFP (1:200) followed by fixation and detection with
AlexaFluor-647-conjugated goat anti-mouse IgG as above.

Wash parasites three times in PBS, and resuspend in 200 pl PBS.

Place 100 pl of this sample onto poly-lysine slides, allow to
adhere for 20 min, remove liquid and mount with 10 pl of
Vectashield containing DAPI (see Subheading 2.4 item 7) to
detect the parasite nucleus and kinetoplast, place coverslip on
top, and seal with nail polish (see Note 11).

HASPB18-GFP and G2A parasites were imaged by confocal
microscopy as described above, detecting Sulfo-NHS-AMCA
(dead cells) and DAPI (nuclei and kinetoplasts) using the
405 nm laser for excitation and emission collected through a
420-480 nm filter, GFP transgene using the 488 nm laser for
excitation with emission collected through a 505 LP filter and
extracellular HASPB18-GFP detected using anti-GFP/
AlexaFluor-647-conjugated goat anti-mouse IgG excitation
633 nm and emission collected using a 650 nm LP filter.

Wild type parasites were imaged, detecting dead cells and DAPI
as above, extracellular 3F12 by anti-3F12/AlexaFluor-647-
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conjugated goat anti-mouse IgG excitation 633 nm and emis-
sion collected using a 650 nm LP filter, and extracellular
full-length endogenous HASPB detected with anti-HASPB336/
AlexaFluor-488-conjugated goat anti-rabbit IgG using the
488 nm laser for excitation with emission collected through a
505 LP filter (see Note 12).

4 Notes

. All transfected parasite lines were grown under appropriate drug

selection (see Subheading 2.2). All parasites categorized as early
passage cells were < /= p6 relative to the time of extraction from
the lymph nodes of experimentally infected BALB /¢ mice.

. The lipophilic probe FM4-64 is transported through the

endosomal system in a time- and temperature-dependent
manner. Under the labeling conditions described below, FM4-
64 signal appeared primarily in the flagellar pocket/early
endosomes and lysosome of the parasite. Lysotracker probes
accumulate in low pH compartments, therefore targeting the
late endosomes, lysosome, and acidocalcisomes in L. major.

. CyGEL matrix can also act as a controlled delivery system for

fluorescent probes for subcellular localization studies rather
than pretreatment although the initial uptake of dye is slightly
delayed using this method.

. This was carefully mixed by flicking the tube avoiding the gen-

eration of bubbles (it is important for imaging that the slide has
no bubbles). To remove any bubbles, gently tap the coverslip
with the end of a pipette tip while CyGEL is still in liquid form.

. It is essential that parasites are well dispersed through

CyGEL. This can be aided by flicking the tube or gently pipet-
ting the cell suspension up and down using precooled pipette
tips. If the parasites form clumps they are impossible to image
with any precision.

. The most technically difficult part of setting up live cell imaging

is that timing is crucial. It is best if the time between mounting
CyGEL-immobilized sample and imaging is very short (about
10-15 min), allowing enough time to carry out imaging within
2 h when cell viability is >95 %. Initially the Leishmania flagella
are still motile, which can act as an indication that the cell being
imaged is alive. This then slows and eventually ceases once the
CyGEL has fully set, to allow successful imaging. It would also
be possible to detect live cells by using propidium iodide exclu-
sion to ensure that only live cells are being imaged.

. The rate of mobility and percentage recovery can be analyzed,

giving an indication of the speed of movement and the percentage
of mobile versus immobile molecules. Furthermore, by recording
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the corresponding fluorescence loss induced by photobleaching
(FLIP) in another ROI outside of the bleached ROI, the exchange
of bleached for unbleached HASPB18-GFP in the cell will allow
analysis of the direction of movement of HASPB18-GFP.

8. ROI of a fixed dimension chosen for HASPB18-GFP included
the plasma membrane, flagellum, flagellar pocket (FRAP per-
formed >5 times) and a larger ROI was also chosen to bleach the

whole cell body. The small vesicle-like structures identified in
HASPB18-GFP C3S expressing cells were also chosen as a ROL.

9. The LmcDNA16 locus KO and myristoylation mutant were
selected as controls for surface exposed GFP and HASPB and
a no primary antibody control was also used.

10. The pellet was resuspended in filter sterilized PBS, pipetted up
and down, centrifuged 800 x4 5 min, and supernatant removed.

11. Slides can be stored briefly in the dark at 4 °C before imaging.

12. As labeling was carried out in microcentrifuge tubes the remain-
ing 100 pl of each sample was used for flow cytometry. Cells
(without DAPI) were analyzed on a Beckman Coulter CyAn
ADP and data evaluated using Summit 4.3 Software to give quan-
titative information on cell viability using Sulfo-NHS-AMCA
staining, then live cells were gated to determine the population
with surface exposed HASPB18-GFP and native HASPB. This
also allowed us to demonstrate that early passage L. major express-
ing extracellular 3F12 also stains with HASPB, confirming this
double positive population to be metacyclic promastigotes.
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Chapter 14

Characterization of the Unconventional Secretion
of the Ehola Matrix Protein VP40

Olivier Reynard and Mathieu Mateo

Abstract

While most secreted proteins use the classical endoplasmic reticulum (ER)-Golgi secretion pathway to
reach the extracellular medium, a few proteins are secreted through unconventional secretary pathways.
Viral proteins can be secreted through unconventional secretion pathways. Here, we describe how we have
recently demonstrated that the Ebola virus (EBOV) matrix protein VP40 is released from transfected and
infected cells in a soluble form through an unconventional secretion pathway.

Key words Ebola, Ebola virus, VP40, Virus, Unconventional secretion

1 Introduction

Ebola virus (EBOV) and Marburg virus form the Filoviridae family,
a group of enveloped negative-strand RNA viruses responsible for
severe disease in humans. The structural EBOV matrix protein
VP40 is essential for assembly and budding by allowing incorpora-
tion of viral ribonucleocapsids in budding virus particles [1]. When
expressed alone in mammalian cells, VP40 promotes the formation
of virus-like particles (VLPs) resembling filamentous virions [2].
Several crystal structures of VP40 have been solved. The mono-
meric VP40 is formed by two functionally interrelated domains: an
N-terminal oligomerization domain and a C-terminal membrane-
binding domain [3]. VP40 does not seem to exist as a monomer in
cells and several oligomerization states have been described that
may be associated with different functions [4, 5]. Dimers of VP40
are formed in the cytosol and transported to the plasma membrane.
Initial steps of VP40 intracellular trafficking have been proposed to
be associated with the COPII vesicular transport system and nota-
bly through an interaction of VP40 with Sec24C [6, 7]. Binding of
VP40 to the plasma membrane through a proline-rich domain
induces the formation of VP40 hexamers [8]. The formation of the
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filamentous EBOV particle depends on VP40 hexamerization at
the plasma membrane [9, 10]. There, VP40 recruits the compo-
nents of the ESCRT machinery TSG101 and Nedd4 through two
overlapping late domains PTAPPEY to allow budding and release
of the virus particle [11]. In addition, VP40 can assemble octamers
that bind RNA in a sequence-specific manner [12].

In a recent publication, we demonstrated that VP40 is also
released from transfected or infected cells as a monomeric soluble
form (sVP40) via an unconventional secretion pathway [13]. While
producing VP40 VLPs, we constantly noticed the presence of
VLP-free VP40 in the supernatant. In silico analysis using secre-
tomeDP software suggested that VP40 could be released with fairly
high probability through an unconventional secretion [14]. We
tested this hypothesis by developing an experimental approach
allowing discriminating the release of VP40 as a soluble protein
from the release of VP40 in the form of enveloped VLPs and that
is described herein in details. Using a similar approach, we also
demonstrated that the matrix protein of human metapneumovirus
is secreted from infected cells through an unconventional secretion
pathway [15]. Such method could therefore be applied to any
other viral matrix proteins of interest.

Initially samples from supernatant, ultrasupernatant, VLPs,
and cell lysates were analyzed by nonreducing and low SDS west-
ern blot (0.1%). This analysis displayed in Fig. la revealed the
absence of oligomeric VP40 in the ultrasupernatant. Next, we con-
firmed that the presence of the protein in the ultrasupernatant does
not result from the lysis of virus-like particles by checking the sta-
bility of particles for 3 days at 37 °C. Western blot analysis of the
VLPs fraction showed no loss in VLP stability (Fig. 2b). Then to
prove that sVP40 is not released in a membrane-associated form,
we performed a flotation assay through ultracentrifugation of the
supernatant in a discontinued sucrose gradient (40-30-10%).
Figure 2c shows that the major part of the VP40 is found in the
bottom fractions (40%) containing soluble proteins while VLPs
accumulate at the 30-10% interface. Next we showed that secre-
tion of sVP40 occurs in the absence of cytotoxicity and apoptosis
as demonstrated by both LDH cytotoxicity assay and P1/DIOC6
staining of VP40-transfected cells, respectively, when compared to
mock-transfected cells.

Finally, we demonstrated that VP40 secretion is independent of
the standard ER /golgi secretion pathway. Classical secretion of cel-
lular proteins from mammalian cells requires a signal peptide sequence
and occurs via the ER-Golgi network. We could not detect the pres-
ence of a classical signal peptide in the VP40 sequence. Using two
inhibitors of ER-to-Golgi transport only or both trans-Golgi-net-
work-to-cell-surface transport and ER-to-Golgi transport, brefeldin
A (BFA) and H89, respectively, we demonstrated that VP40 is not
secreted through a conventional pathway (Fig. 3).
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Fig. 1 Presence of soluble VP40 in the supernatant. (a) Immunoblot analysis of cell lysate (cells), supernatant (SN),
virus-like particles (VLPs), and ultrasupernatant (USN). (b) Immunoblots showing the stability of VP40 VLPs at
37 °C in the USN (upper panel) and in the VLPs (lower panel). (¢) Immunoblot analysis of the fractions resulting
from the flotation assay. For a, b, and ¢, immunoblot was realized using mouse anti-VP40 antibodies

2 Materials

. HEK 293T cells.
. Dulbecco’s modified Eagle’s medium (DMEM).

. Glutamine.

2.1 CGells and
Transfections

. Fetal calf serum.

. Transfection reagent.

QN Ul W N~

. Eukaryotic expression vector for VP40 and a conventionally
secreted protein (Ebola sGP).

2.2 VLP Release . PBS-CM: PBS, 0.1 mM CaCl,, 1 mM MgCl,.
and Ultra-centrifugation 2. Sucrose: 10, 20, 30, 40% solution in PBS-CM (w/v).
3. Tabletop low-speed centrifuge.

—



208 Olivier Reynard and Mathieu Mateo

a
120
¥ 100
Z 80
§ 60
§ 40
S 20
0 —_ —— —ee
& S D C I
2\ ¥ o o N
oo @l Q& @l
& R 3 R
b o ‘é 20.62% 2.84%
2 Bl
E - b
g
2 VP40 transfected cells
&
S
e 2@__45% 2.31%
o
23 i {8 W
- i b
& 19:61% 55.63% | Mock transfected cells
R ol s
E "

00

Fig. 2 Cytotoxicity of VP40 expression. (a) LDH cytotoxicity detection assay. Triton
X100 treated condition was used to normalize value at 100 % LDH release and
LDH release was also determined in cells expressing increasing amounts of
VP40 (0.5, 1, and 1.5 pg). (b) Apoptosis measurement on VP40-transfected HEK
293 T using DIOC6 and PI staining
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Fig. 3 Blockage of conventional secretion pathways. Immunoblots showing no
blockage of VP40 budding (VLPs) or secretion (USN) by BFA and H89 (left panels).
Both BFA and H89 block the secretion of sGP (right panels)
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. Ultracentrifuge with swinging rotor (for 38 ml tube as SW32

rotor).

. Brefeldin A solution (y,4-dihydroxy-2-(6-hydroxy-1-heptenyl)-

4-cyclopentanecrotonic acid A-lactone), mother solution at
1 mg/ml in ethanol.

. H89  solution  (N-[2-(p-bromocinnamylamino)ethyl]-5-

isoquinolinesulfonamide dihydrochloride), mother solution at
5 mg/ml in PBS-CM.

. CO-IP buffer: 20 mM Tris—-HCI, pH 7.0, 100 mM NaCl,

5 mM EDTA, 0,4% sodium deoxycholate (v/v), 1% Nonidet
P40 (v/v).

. LDH cytotoxicity detection kit.

. Trypsin 0.25 % solution in DMEM.

. 1% Triton X100 in PBS-CM.

. Anti mouse phycoerythrin secondary antibody (10-20 pg/ml).
. Propidium iodide 1 mg/ml.

. DIOC6 1 mM.

. Flow cytometer.

. Precast gel 4-20% gel or in-house prepared with 4% (w/v)

stacking and 8% (w/v) separating gel, prepared with
acrylamide:bisacrylamide mixture (37.5:1).

2. Precast transfer sandwich.

o NN O O

10.
11.

. Laemmli buffer: 4% SDS (w/v), 20% glycerol (w/v), 10%

2-mercaptoethanol (w/v), 0.004% bromphenol blue (w/v),
and 0.125 M Tris—HCI, pH approx. 6.8.

. Mini sodium dodecyl sulfate-polyacrylamide-gel (SDS-PAGE)

gel system.

. SDS-PAGE molecular weight standards.
. 0.1% (v/v) Tween 20 in phosphate-buftered saline, PBS (PBST).
. 10% (w/v) skimmed milk in PBST.

. Anti-VP40 monoclonal antibody (in-house production, com-

mercial antibodies available at IBT Bioservice).

. Anti-mouse IgG horseradish-peroxidase-conjugated second-

ary antibody: Working solution is 1:25,000 in 1% milk-PBST.
Western chemiluminescent substrate system.

Digital imager for chemiluminescence.
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3 Methods

3.1 Cell Cultures
and Transfection

3.2 VLP Assays

3.3 VLP Stability

3.4 Floatation Assay

. HEK 293T cells were cultured at 37 °C in Dulbecco’s modified

Eagle’s medium supplemented with 10 % fetal calf serum (FCS).

. Transfection of cells was performed using Turbofect (Thermo)

according to the manufacturer’s instructions.

. Plate 5x10° HEK293T cells per well of 6-well plates.
. On the following day, transfect cells with 3 pg of plasmid

expressing VP40 under the control of a CMV promoter
(see Note 1).

. At 14 h post-transfection, clarify the culture supernatant (SN)

by centrifugation at 5000 x4 for 5 min.

4. Keep an aliquot of the SN for further analysis.

. Lyse the cells in 800 pl of CO-IP buffer.

6. Load 35 ml of the supernatant on 3 ml of'a 20 % sucrose cush-

10.
11.
12.

13.

ion in 38 ml tubes.

. Centrifuge at 250,000 x4 for 2 h at 4 °C in a ultracentrifuge.
. Keep an aliquot of the ultrasupernatant (USN) for further

analysis and resuspend the VLP pellet in 1000 pl of PBS.

. Resuspend the different fractions in Laemmli buffer contain-

ing 0.1% SDS and no pB-mercaptoethanol.
Separate the fractions on an 8 % SDS-PAGE.
Transfer the protein to a PVDF membrane.

Block the membrane for at least 1 h in 10% PBS-nonfat milk
and then stain the membrane using anti-VP40 antibodies and
HRP-conjugated secondary antibodies.

Reveal using an HRP substrate such as chemiluminescence (ECL)
HRP substrate with stable light output for mid-femtogram-level
detection.

. Resuspend the VLP pellet in a given volume and separate in

equal volume fractions (one fraction per time point).

2. Incubate at 37 °C for a given period (24, 48, and 72 h).

. Load the VLPs on a 20% sucrose cushion and centrifuge at

250,000 x g for 2 h at 4 °C in an ultracentrifuge.

. Resuspend the pellet in Laemmli buffer and analyze by SDS-

PAGE followed by western blot using anti-VP40 antibodies.

. Clarify the SN of VP40-transfected cells as in subheading 3.1,

step 2.

. Adjust the clarified SN to 40 % sucrose.



3.5 Measuring
Cytotoxicity by Lactate
Dehydrogenase
Cytotoxicity Detection
Assay

3.6 Measuring Cell
Death by Dioc6/
Propidium lodide Flow
Cytometry Analysis

3.7 Blocking
Gonventional
Secretion Pathways
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. Load 12 ml of SN adjusted to 40 % sucrose at the bottom of a

38 ml ultracentrifuge tube and layer 21 ml of 30 % sucrose and
then 5 ml of 10% sucrose solutions in PBS-CM on top of it
(see Note 2).

. Centrifuge the samples at 130,000 x 4 for 20 h.

. Collect gradient fractions from the bottom to the top

(see Note 3) and analyze by western blot using anti-VP40 anti-
bodies. Bottom fractions contain soluble proteins, and top
fractions contain membrane-associated proteins.

. Transfect 2.5x10% 293T cells per well of 12-well plate with

increasing amounts of plasmid expressing VP40.

. At 14 h post-transfection, as a positive control for cytotoxicity,

pretreat a well with a PBS 1% triton X-100 solution during
10 min.

. Harvest all supernatant and perform LDH assay following the

manufacturer’s recommendation (LDH cytotoxicity detection kit).

. Measure absorbance at 490 nm using a spectrophotometer.

. Transfect 5x10° 293T cells in a well of 6-well plate with 1 pg

of phCMV-VP40 or phCMV-empty.

. At 24 h post-transfection, wash the cells and add trypsin

(0.25% solution) for 5 min to detach the cells and separate
them into two fractions.

. Stain one fraction with VP40 antibodies (primary anti-VP40

10F6 for 30 min and secondary anti-mouse PE for 30 min) to
determine the percentage of transfected cells.

. Stain the other fraction with DIOCG6 (3,3’-dihexyloxacarbo-

cyanine iodide) at 40 nM for 20 min at 37 °C, wash once, and
add propidium iodide just prior analysis.

. Analyzse samples by flow cytometry using FL1 (emission wave-

length =488 nm) and FL.3 (emission wavelength =600 nm).

. Transfect 5x 105 HEK293T cells in a well of 6-well plate with

3 pg of plasmid expressing VP40 or the soluble form of the
Ebola glycoprotein sGP as a control.

. At 14 h post-transfection, rinse the cells with fresh culture

medium and incubate for 7 h in the presence or absence of
3.6 pM BFA, an inhibitor of ER-to-Golgi transport, or 50 pM
H89 (Sigma), an inhibitor of both trans-Golgi-network-to-
cell-surface transport and ER-to-Golgi transport (see Note 4).

. Isolate soluble proteins by ultracentrifugation on a 20 % sucrose

cushion as described in Subheading 3.1.

. Analyze the cells, VLP, and USN fractions by western blot

using anti-VP40 or anti-sGP proteins.
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4 Notes

1. Transfections were performed using Turbofect reagent
(Thermo) using a DNA:turbofect ratio of 1:3 (1 pg plasmids:
3 pl turbofect) and following the manufacturer’s recommenda-
tion. All reagents must be at room temperature at the time of
mixing for efficient transfection.

2. Collecting fractions is tricky. For reproducible fractionation, it
is better to use a fraction collector device monitored by a peri-
staltic pump. If not available, the bottom of the tube can be
perforated perpendicularly to the tube with a red-hot 21 G
needle, in such a way that the needle will finally be placed
inside the tube at 1 or 2 mm above the bottom of the tube
with the needle bevel orientated top. This may allow a drip
collection of the sample.

3. The 40% could be loaded first as described or alternatively 30
and 10% sucrose solutions could be added first and the 40 %
sucrose sample solution added through the first two layers with
a fine pipette (glass Pasteur pipette). Proceeding this way will
generate very clean solutions interface that will result in cleaner
results at analysis.

4. H89 and brefeldin A are toxic compounds that cannot be used
for a long time period. The proper concentration is cell type
specific and should be adjusted using an appropriate control,

for instance a conventionally secreted protein.
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Chapter 15

Role and Characterization of Synuclein-y Unconventional
Protein Secretion in Gancer Cells

Caiyun Liu, Like Qu, and Chengchao Shou

Abstract

Synuclein-y (SNCGQG), the third member of synuclein family, is implicated in both neurodegenerative dis-
eases and cancer. Overexpression of SNCG in cancer cells is linked to tumor progression and chemoresis-
tance. Without any known signal sequence required for conventional protein secretion, SNCG is elevated
in the serum of cancer patients and the medium of cultured cancer cells. SNCG actively secretes from
cancer cells and extracellular SNCG promotes malignant phenotypes of cancer cells. Here, we describe
methods for the characterization of SNCG as an unconventional secretion protein from cancer cells and
investigation of the effect of extracellular SNCG on the phenotypes of cancer cells.

Key words Synuclein-y, Unconventional secretion, Cancer cell, Migration, Invasion

1 Introduction

The synucleins are small proteins (127-140 amino acids) consist-
ing of a-synuclein (SNCA), p-synuclein (SNCB), and y-synuclein
(SNCG). Overexpressed SNCG is associated with cancer cell
metastasis, chemoresistance, and correlates with adverse outcome
in several cancers. SNCG participates in estrogen receptor-alpha36-
mediated estrogen signaling [1], Akt/mTOR signaling [2],
insulin-like growth factor (IGF-1) signaling [ 3], mitogen-activated
protein kinases (MAPK) pathways [4 ], and microtubule regulation
[5]. Elevated serum SNCG levels are associated with pancreatic
[6], gastrointestinal, esophageal, and colorectal [7, 8] cancers.
Recent reports have uncovered that SNCG is actively released into
the extracellular microenvironment by unconventional secretion
pathway and the extracellular SNCG promotes cancer cell migra-
tion and invasion [9].

Secretomes include proteins secreted using a signal peptide
through the classical ER-Golgi pathway, proteins secreted through
different nonclassical pathways (e.g., exosomes, microvesicles),
and extracellular domains of plasma membrane proteins generated

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_15, © Springer Science+Business Media New York 2016
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by protease shedding [10]. Accumulating evidence indicates that a
vast number of intracellular proteins without any known signal
sequence required for conventional protein secretion are secreted
from cells by unconventional secretion pathway [11], but a unified
picture of the pathways and mechanism of unconventional secre-
tion remain elusive [12]. Unconventional secretion is a major con-
tributor of cancer cell secretomes and these proteins play important
roles during tumorigenesis [9, 11].

However, secretome proteins can be contaminated by proteins
from bovine serum or cell lysis. A number of false positives coming
from serum and several proteins are both in serum and being
secreted from cancer cells [11]; therefore the viability of cell lines
should be monitored as a quality control for the generation of sec-
retomes. Here, we show that SNCG is naturally secreted in the
medium during the culture of cancer cells, and describe the meth-
ods used to characterize SNCG as an unconventional secretion
protein, and investigate the biological role of extracellular SNCG
for cancer cells.

2 Materials

2.1 Cell Lines
and Cell Cultures

All solutions are prepared using ultrapure water (prepared by puri-
tying deionized water to attain a sensitivity of 18.2 MQ cm at
25 °C) and analytical grade reagents. All concentrations are final
concentrations unless stated otherwise.

1. Cancer cell lines: HT-29, HCT-116, and Lovo (se¢ Note 1).

2. Cell culture medium: RPMI 1640 supplemented with 10%
(v/v) fetal bovine serum.

3. Cell culture dishes, 24-well culture plates (Costar, Cambridge,
MA, USA).

4. Amicon Ultra-3 centrifugal filters, 3 kDa (UFC500324,
Millipore, Billerica, MA, USA).

5. Humidified tissue culture incubator at 37 °C with 5% CO,.

6. Ethylenediaminetetraacetic acid (EDTA): Dissolve 0.2 g

EDTA in 500 mL PBS to obtain a 0.04% (w/v) EDTA and
sterilize by autoclaving. Store at room temperature.

7. Trypan blue dye: Dissolve 1 mg Trypan blue dye in 10 mL of
methanol to obtain a 1% solution and store at room
temperature.

8. A hemocytometer is used to count cells.

9. CytoTox 96 Non-Radioactive Cytotoxicity Assay kit from
Promega (Madison, WI, USA) is used to assess the viability
of cells.



2.2 Ghemical
Reagents
and Inhibitors

2.3 The Sandwich
ELISA

2.4 Sodium
Dodecylsulfate
Polyacrylamide Gel
Electrophoresis
(SDS-PAGE)

and Western Blot
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. Brefeldin A (BFA): An inhibitor of the classical ER-Golgi

dependent pathway. Dissolve BFA in dimethyl sulfoxide
(DMSO) at 1 mg/mL. Aliquot to avoid multiple freeze /thaw
cycles. Store at =20 °C.

. Glyburide: An inhibitor of ABC transporter. Dissolve gly-

buride at 100 mM in DMSO. Aliquot and store at =20 °C.

. 5,5-(N- N-Dimethyl)-amiloride hydrochloride (DMA): An

inhibitor of exosome secretion pathway (see Note 2). Dissolve
DMA at 5 mM in methanol. Aliquot and store at -20 °C.

. Ammonium chloride (NH,Cl): An inhibitor of lysosomal-

associated pathway. Dissolve NH,Cl at 5 M in ultrapure water.
Store at 4 °C.

. Akt inhibitor (1L6-Hydroxymethyl-chiro-inositol-2-(R)-2-O-

methyl-3-O-octadecyl-sn-glycerocarbonate).  Dissolve Akt
inhibitor at 10 mM in DMSO. Aliquot and store at =20 °C.

. LY294002 (Cell Signaling, Danvers, MA, USA): An inhibitor

of PI3K. Dissolve LY294002 at 10 mM in DMSO. Aliquot
and store at -20 °C.

. U0126 (Cell Signaling): An inhibitor of MAPK. Dissolve

U0126 at 10 mM stock in DMSO. Aliquot and store at —20 °C.

. SP600125 (Cell Signaling): An inhibitor of JNK. Prepare as

50 mM stock in DMSO. Aliquot and store at -20 °C.

. 96-well Microtiter plates.

. Anti-SNCG mADb 42#.

. Horseradish peroxidase (HRP)-linked mAb 1# conjugate.
. Purified SNCG proteins.

. 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution.
. Stop solution (2 M H,SOy,).

. Microplate Reader.

. Thirty percent acrylamide/Bis solution: 29.2% acrylamide

monomer and 0.8% Bis (cross-linker) in ultrapure water.
Filtered through a 0.2 pm nitrocellulose filter (Millipore) and
stored at 4 °C.

. 1.5 M Tris—HCI, pH 8.8. Filtered through a 0.2 pm nitrocel-

lulose filter and stored at room temperature.

. 1 M Tris—HCI, pH 6.8. Filtered the solution through a 0.2 pm

nitrocellulose filter and stored at room temperature.

. Ammonium persulfate solution (10% w/v). Filtered the solu-

tion through a 0.2 pm nitrocellulose filter and stored at =20 °C.

. N,N,N',N'-Tetramethylene diamine (TEMED) (Amresco,

Solon, OH, USA), stored at 4 °C.
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2.5 Transwell
Migration Assay,
Invasion Assay

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

w N

. Sodium Dodecyl Sulfate (SDS).
. Resolving gel (10 mL, 15%): Mix 2.2 mL of ultrapure water,

5 mL of 30 % Acrylamide mixture, 2.6 mL of 1.5 M Tris-HCI,
pH 8.8,100 pL of 10% SDS, 100 pL of 10% APS, and 4 pL of
TEMED.

. Stacking gel (5 mL): Mix 2.8 mL of ultrapure water, 0.66 mL of

30% acrylamide mixture, 0.5 mL of 1.0 M Tris—HCI, pH 6.8,
40 pL of 10% SDS, 40 pL of 10% APS, and 4 pLL of TEMED.

. Reducing sample buffer (2x): Mix 2 mL of 0.5 M Tris-HCI

(pH 6.8), 4 mL of 10% SDS, 2 mL of glycerol, 2 mL of
2-mercaptoethanol, and 1 mg bromophenol blue. Store at
room temperature.

SDS-PAGE running buffer (10 x stock solution): Weigh 30.3 g

Tris, 144 g glycine, and 10 g SDS in ultrapure water and make
it to 1 L. Store at room temperature.

Transferring buffer: Containing 25 mM Tris-base, 0.2 M gly-
cine, and 20% (v/v) methanol in ultrapure water.

Rainbow molecular weight marker proteins.

Nitrocellulose membranes, Whatman 3 mm filter paper, and
Electroblotting apparatus.

Phosphate buffered saline (PBS) solution with Tween-20 (PBST):
150 mM NaCl, 10 mM disodium hydrogen phosphate, 10 mM
sodium dihydrogen phosphate, pH 7.2, 0.1% Tween-20.

Protease inhibitor cocktail.
Blocking solution: 4% (w,/v) skim milk in PBST (see Note 3).

Antibody diluent: 4% (w/v) skim milk in PBST (see Notes 3
and 4).

Primary antibodies: Mouse anti-Annexin-2 (Novus, Littleton,
CO, USA), rabbit anti-HSP-70 (Epitomics, Burlingame, CA,
USA) (see Note 5); Rabbit anti-THBS4 (Abcam, Cambridge,
MA, USA). Mouse anti-SNCG mAb 1# was generated and
characterized as in Reference 7 (see Note 6); mouse Anti-
GAPDH, marker for housekeeping protein.

Secondary antibodies: Anti-mouse and -rabbit conjugated to
horse radish peroxidase (HRP).

Western Chemiluminescent HRP Substrate detection system.

. Cancer cell lines and cell culture (see Subheading 2.1).
. Purified recombinant GST and GST-SNCG proteins (see Note 7).

. Chamber with polycarbonate membrane inserts (BD Falcon,

8 pm pore size).

4. 24-well plate for the base of the housing chamber.

. Sterile forceps.

. Matrigel gel solution (see Note 8).
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7. Chilled pipette tips and 1.5-mL tubes in the refrigerator for
handling Matrigel.

8. Precooled methanol.

9. Crystal violet staining solution: dissolve 10 g crystal violet in
100 mL methanol, store at room temperature. Dilute the stock
solution by 100x in PBS to obtain 0.1 % crystal violet solution.

10. Cotton swab.
11. Resin-based mounting medium.

12. Cover slip.

1. Cancer cell lines and cell culture (see Subheading 2.1).

. Purified recombinant GST and GST-SNCG proteins (see
Subheading 2.5, item 2).

. 96-well flat-bottom plates.

[\

. Matrigel (see Note 8) or Fibronectin/laminin/collagen.
. 3% BSA in PBS solution.

. 0.1% crystal violet (see Subheading 2.5, item 9).

. Dimethyl Sulfoxide (DMSO).

. Plate reader. Measure absorbance at 570 nm.

O 0 NN O U R W

. Fibronectin, laminin, collagen.

3 Methods

3.1 Cell Culture
for Analysis

of Intracellular
and Extracellular
SNCG from
Gancer Cells

To rule out that SNCG in the culture medium could be due to cell
death, the cell viability was measured by trypan blue dye exclusion
or measuring the release of lactate dehydrogenase (LDH) using a
CytoTox 96 Non-Radioactive Cytotoxicity Assay kit. We carried
out a kinetics experiment to analyze the correlation of SNCG levels
with the cell viability in the supernatant of HT-29 colon cancer cell
line at different time points. SNCG was characterized as an uncon-
ventional secretion protein using inhibitors of distinct secretion
pathways. Finally, we investigate the effect of extracellular SNCG
on tumor cells.

Here we show that the extracellular and intracellular SNCG levels
were positively correlated.

1. Put HT-29, HCT-116, and Lovo cells in exponential phase in
6-well culture plate (5x10° cells/well) in triplicate and incu-
bate overnight.

2. Aspirate the cell media, wash the cells three times with 1 mL of
serum-free media/well /time, and add 1 mL of serum-free
media/well and incubate for 1 h.

3. Collect and mix the supernatant.
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3.2 Kinetics
of Extracellular SNCG
from HT-29 Cells

3.3 Screening

of the Secretion
Pathway Using
Chemical Inhibitors

. Filter the culture supernatant through the 0.2 pm nitrocellu-

lose filters and keep on ice.

. Use the filtered medium directly for ELISA or concentrate by

centrifugation in Amicon Ultra-3 centrifugal filters at 4 °C for
western blot analysis.

. Wash the corresponding cells with PBS for two times and

homogenize in 100 pL of SDS-PAGE loading buffer.

. Load appropriate volume of the cell lysates onto the gel for

western blot analysis.

An example of the results from this method can be found in Fig. 1a.

. Put HT-29 cells in exponential phase in 10-mm culture plate

(4 %106 cells/plate) and incubate overnight.

. Aspirate the cell media, and wash the cells three times with

4 mL of serum-free media.

. Add 7 mL of serum-free media per plate and incubate.

. Collect 300 pL of the supernatant per plate and replenish with

equal volume of warm serum-free media at different time
points.

. Filter and analyze the culture supernatants (se¢ Subheading 3.1,

steps 4 and 5).

An example of the results from this method can be found in

Fig. 1b.

To understand the mechanism of SNCG secretion, we investigate
whether chemical inhibitors targeting distinct pathways could
affect SNCG secretion. HT-29 cells were treated with indicated
agents for 1 h and SNCG levels in the medium were evaluated by
ELISA and western blot. We ensured that the concentrations of
agents did not induce cytotoxicity to avoid leakage of SNCG from
apoptotic or dying cells (see Note 9).

1.

Put HT-29 cells in exponential phase in 12-well plates (1 x10°
cells/well) and allow to grow overnight.

. Aspirate the cell media, and wash the cells three times with

serum-free media.

. Maintain the cells in the presence of 500 pL of serum-free

media with the following agents, respectively, for 1 h. Final
concentration: 2 pg/mL of BFA, 100 uM of Glyburide, 5 nM
of DMA, 20 mM of NH,Cl, 10 pM of LY294002, 10 pM of
U0126, 50 uM of SP600125, 10 pM of Akt inhibitor.

. Collect the media and filter through the 0.2 pm nitrocellulose

filters.

. Concentrate the supernatants by the Amicon Ultra-3 centrifu-

gal filters at 13,000 x g at 4 °C.
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Supernatant

HSP-70

Fig. 1 Extracellular SNCG positively correlates with intercellular SNCG level in
tumor cells and SNCG secreted naturally from tumor cells. Intracellular and extra-
cellular SNCG levels were evaluated by western blot (a) and SNCG levels in HT-29
cell lysate (10 pg total protein, lane 1), fetal calf serum (0.5 pL FCS, /ane 2), and
serum-free cell culture supernatant collected at indicated time points (10 pg total
protein/lane, lane 3-6) were shown (b). In (b), HSP-70 and thrombospondin 4
(THBS4) were used as controls as HSP-70 was secreted by unconventional secre-
tion pathway and fetal calf serum contained plenty of THBS4 protein. The results
suggest that the release of SNCG into the culture medium was resulted from cell
secretion, but not from cell death or fetal calf serum contamination

6. Calculate protein concentration with protein assay kit.

7. Detect and quantify extracellular proteins by ELISA or/and
western blot.

8. Cell viability was determined by measuring the release of LDH.



222 Caiyun Liu et al.

3.4 The
Sandwich ELISA

3.5 Western Blot

3.6 Migration
and Invasion Assays

. Coat High-binding polystyrene microplates overnight at room

temperature with 1 pg/mL of anti-SNCG mAb 42#.

. Wash the plate three times with PBST. Block the plate with 1%

BSA for 2 h at room temperature.

. Twofold serially diluted SNCG standards and blank (diluent),

and cell culture supernatants were added, 50 pL /well, respec-
tively, and 50 pL. of HRP-labeled anti-SNCG mAb 1# (0.3 pg/
mL) was applied to all wells.

. Incubate the plates for 1 h at room temperature with gentle

shaking.

. Wash plates with PBST for four times.
. Dispense 100 pL/well of TMB substrate solution to all wells

and incubate plates at room temperature for 15 min.

. Stop the enzyme reaction with 100 pL /well of stop solution.

. Determine the optical density of each well using a microplate

reader at 450 nm.

. Once the samples have been sufficiently separated (see Note

10), transfer to a nitrocellulose membrane using standard
western blot techniques.

2. Rinse the membrane with deionized water.

[S=BEN e NN |

. Block the membrane in blocking solution for 2 h at room

temperature.

. Incubate the membrane in primary antibody overnight (see

Note 4) at 4 °C.

. Wash the membrane three times for 6 min in PBST with shaking.
. Incubate with secondary antibody for 1 h at room temperature.
. Wash the membrane four times for 6 min in PBST with shaking.

. Detect proteins using enhanced chemiluminescence (ECL)

and visualize by exposure to X-ray film.

. Place the cell culture inserts with 8 pm pores into empty wells

of the 24-well plate using sterile forceps. For the invasion assay,
add delicately 60 pL of fourfold diluted Matrigel solution to
the insert (see Note 8). Then place the plates in a 37 °C incu-
bator for about 4 h to ensure polymerization of the Matrigel.

. Hill the lower chamber with 800 pL of medium containing 10%

ECS.

. Cells were trypsinized, counted, and cell suspension was pre-

pared (see Note 11).

. Transfer HCT-116 or Lovo cells of 5-10 x 10* cells for migration

and 5-10x 10° cells for invasion into 1.5 mL Eppendorf tube.

. Centrifuge at 80 x g for 3 min.

6. Aspirate the supernatant.
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7. Add 200 pL of serum-free media containing 1.2 pM of GST or
GST-SNCQG (se¢ Note 10) to resuspend the pellet and transfer
to each upper chamber (see Note 12).

8. Transfer the upper chamber (step 7) to the 24-well plate (step
2) without trapping air bubbles beneath the membranes.

9. Incubate for an appropriate period at 37 °C (see Note 13).

10. Aspirate the media inside the insert, and put the insert into

another 24-well plate with precooled methanol to fix cells at
4 °C for 20 min.

11. Wash the insert three times with PBS.

12. Stain cells with 0.1% crystal violet at room temperature for
30 min.

13. Wash the insert three times with PBS.

14. Remove the nonmigrating/invading cells from the upper sur-
face of the membrane by “scrubbing” using cotton swabs.

15. Rinse the insert three times with PBS.
16. Peel the membrane and mount it on a slide with mounting medium.

17. Place a cover slip on top of the membrane and apply gentle
pressure to expel any air bubbles.

18. Collect images of the migrated cells under the microscope at
20x magnification (depending on cell density).

19. Count migrated or invaded cells through the membrane (see
Note 14). Six fields per filter were counted.

20. Data was presented as migrated /invaded cells per field.

The representative data is shown in Fig. 2.

1. Wells of 96-well plates were coated in triplicate with 50 uL of
the diluted matrigel solution (1:40 diluted in PBS) or fibronec-
tin, laminin, or collagen overnight at 4 °C.

2. Add 200 pL of 3% BSA-PBS solution to each well, and incu-
bate for 2 h at RT.

3. During incubation, prepare the cell suspension (2 x 10*/well)
in serum-free media containing 1.2 pM of GST or GST-SNCG,
using the same methods as for the cell migration assay (see
Subheading 3.5, steps 6-8).

4. Discard the 3% BSA-PBS from each well.

5. Add 50 pL of cell suspension to each well in triplicate and
incubate at 37 °C for 1-2 h.

6. Wash the cells three times with PBS (see Note 15).

7. Cell confluence (%) was measured with the CloneSelect Imager
system (Molecular Devices).
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Fig. 2 Representative results of the effect of extracellular SNCG on tumor cells migration and invasion. Transwell
cell migration assay (a) and Transwell cell invasion assay (b) were performed with exogenously added GST (a and
b, upper panel) or GST-SNCG (a and b, lower pane)) into HCT-116 (left panel) or Lovo cell (right pane)) culture
medium, respectively. Twenty-four (for migration assay) or 48 (for invasion assay) hours after incubation, cells
were fixed in precooled methanol and stained with crystal violet. Magnification of objective lens, 20x

The representative results can be found in Fig 5b in ref. 9 (see
Note 16).

4 Notes

1. HT-29 cells were used as a model system, as the intracellular
and extracellular SNCG levels were readily detected by SNCG
sandwich ELISA. Because of the morphologic feature, HT-29
cells were not suitable for migration and invasion assays. HCT-
116 and Lovo cells were used in migration and invasion assays.
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. Some researchers used 5,5-( N-N-Dimethyl)-amiloride hydro-

chloride (DMA) as an exosome inhibitor [13, 14]. As an inhibitor
of Na+/H+ exchange, DMA is known to affect endosomal matu-
ration and trafficking, and also known to have pleiotropic effects
on the cells. We used siRNA to knock down Rab27 because this
protein is specifically involved in exosomes secretion [9].

. For some phosphorylated proteins, 5% BSA in 0.05 M TBS

containing 0.1% Tween-20 should be used for blocking the
membranes and diluting primary antibodies, as skim milk in
PBS could interfere with detection.

. To improve sensitivity in western blot, antibodies should

always be incubated overnight.

. Leaderless proteins Annexin II and HSP-70 are ubiquitously

expressed in cancer cells and secreted by unconventional secre-
tion pathway [15, 16]; therefore they were used as controls for
characterization of SNCG’s unconventional secretion.

. The anti-SNCG mADb 1# has high specificity and sensitivity,

interacts with endogenous SNCG from cancer cells, and rec-
ognizes the epitope located in the C-terminal of SNCG pro-
tein. In the sandwich ELISA, the coated anti-SNCG mAb 42#
recognizes the N-terminal epitope of SNCG. The characteriza-
tion and application of anti-SNCG monoclonal antibodies can
be found in ref. 7.

. Compared with SNCG-immunodepleted medium, condi-

tioned medium from HT-29 cells decreased adhesion of tumor
cells to matrix, correlating with an increased migration and
invasion into matrigel. Similarly, the addition of recombinant
SNCG to fresh medium increased migration and invasion (see
Fig. 5 in ref. 9).

. Matrigel is liquid at 4 °C, but rapidly polymerizes into gel when

warmed at room temperature. Make aliquots of the desired vol-
ume using chilled pipette tips and tubes, and store the aliquots
at —20 °C. Avoid repeated freeze/thaw cycles. To invade, cells
must across a two-dimensional surface and a three-dimensional
extracellular matrix. It is generally accepted that this process
requires cells not only to migrate but also to proteolyze or alter
their local extracellular matrix (ECM) microenvironment.

. To ensure the concentrations of the chemical agents did not

induce cytotoxicity to cells, cell viability was determined by
trypan blue dye exclusion or measuring the release of LDH.

Monitor the migration of the molecular weight markers to
ensure that the size corresponding to the protein of interest is at
least halfway into the gel, to increase resolution in this region.

The number of cells depends on the cell types; in the case of

HCT-116 or Lovo cells, use 5-10x 10* cells/well for migra-
tion and 1-10x 10° cells /well for invasion.



The pipette tip should not touch the membrane of the cham-
ber in order to avoid breaking the membrane. Between each
pipetting step, resuspend the cells in order to avoid settling
and to keep the cell suspension homogenous.

The incubation time depends on cell type and cell numbers
that should be determined experimentally. In most cases, 24 h
for migration assay or 48 h for invasion assay.

Migrated or invaded cells can be counted directly under a
microscope. However, it is easier to count cells after taking

Since there are several washing steps involved in this assay and
the cells are not fixed, washes can result in removal of cells
from the microplates. Gentle washing is therefore essential.

Results can vary depending upon the cell types and the condi-
tions (such as matrix coated, incubation time, cell-seeding
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Chapter 16

Characterization of the Tumor Secretome from Tumor
Interstitial Fluid (TIF)

Pavel Gromov and Irina Gromova

Abstract

Tumor interstitial fluid (TTF) surrounds and perfuses bodily tumorigenic tissues and cells, and can accu-
mulate by-products of tumors and stromal cells in a relatively local space. Interstitial fluid offers several
important advantages for biomarker and therapeutic target discovery, especially for cancer. Here, we
describe the most currently accepted method for recovering TIF from tumor and nonmalignant tissues
that was initially performed using breast cancer tissue. TIF recovery is achieved by passive extraction of
fluid from small, surgically dissected tissue specimens in phosphate-buffered saline. We also present proto-
cols for hematoxylin and eosin (H&E) staining of snap-frozen and formalin-fixed, paraffin-embedded
(FFPE) tumor sections and for proteomic profiling of TIF and matched tumor samples by high-resolution
two-dimensional gel electrophoresis (2D-PAGE) to enable comparative analysis of tumor secretome and
paired tumor tissue.

Key words Tumor microenvironment, Tumor interstitial fluid, Tissue secretome, Tissue section,
Proteomic profiling, 2D-PAGE

1 Introduction

Tumor interstitial fluid (TIF) accumulates aberrantly externalized
components, mainly proteins, that are released by tumor and stro-
mal cells through various mechanisms, including classical secretion,
non-classical secretion, exosome-mediated secretion, and membrane
protein shedding [1, 2]. Accordingly, the term “tumor secretome”
currently refers to all proteins/peptides secreted, shed, or leaking
from the tumor tissue under a given condition in a relatively local
tissue space. These externalized proteins/peptides act as mediators
of tumor-host communication within the local tumor microenviron-
ment and play a decisive role in processes promoting tumorigenesis,
such as tumor growth, invasion, and angiogenesis [ 3, 4].
Interstitial fluid forms the interface between circulating bodily
fluid and intracellular fluid, and provides an environment that
enables the exchange of ions, proteins, and nutrients between
various components, such as cells, within the interstitial space.

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_16, © Springer Science+Business Media New York 2016
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This fluid is not static, but is continually being refreshed and recol-
lected by lymphatic channels. The TIF bathes the tumor and its
stromal components, and therefore provides several important
advantages towards the discovery of potential biomarkers for can-
cer. Given that tumor secretome proteins accumulate at higher
concentrations close to their source, proximal lesion sampling and
omic profiling of tumor-associated fluid are promising approaches
for identitying novel diagnostic and therapeutic targets. However,
analysis of the protein composition of TIF is rather problematic,
and may be attributed to technical difficulties such as (a) low con-
centrations of proteins upon fluid recovery due to dilution steps
and (b) masking and contamination of protein samples by struc-
tural or other normally non-secreted proteins released into the
extracellular space as a result of cell damage, lysis, or death. These
circumstances highlight the importance of establishing appropriate
procedures for tissue preparation and fluid collection to avoid, or
at least to control for, possible contamination and provide reliable
and representative native interstitial fluid for downstream pro-
teomic analysis by the technique of choice.

Several methods have been developed for the recovery of
interstitial fluids in vivo from various tissues (reviewed by [2, 5]).
These include insertion of glass capillaries [ 6], implanted chambers
[7], implanted wicks [8, 9], microdialysis [10], and capillary ultra-
filtration through a semipermeable membrane [11, 12]. The in vivo
TIF harvesting techniques are based on invasive procedures and,
therefore, may aftfect the structure of surrounding tissue resulting in
bleeding, inflammation, and wound repair—the processes which
may influence the proteome composition of the recovered TIF.
In addition to these in vivo protocols, two ex vivo TIF sampling
methods have been utilized for the preparation of interstitial fluids
from excised tissue: (a) tissue centrifugation at low G-forces [13-17]
and (b) passive elution from excised tissue [18].

In this chapter, we describe the method for recovering TIF
from tumor and nonmalignant tissues based on passive extraction
of fluid from surgically dissected tissue specimens that was first
conducted by Celis and colleagues using human mammary tumors
[18]. This procedure is now regarded as the most appropriate
method to collect interstitial fluids of suitable quality and amount
for the analysis of the tumor secretome and identification of candi-
date cancer biomarkers [2]. The same procedure was successfully
used to harvest interstitial fluid from normal breast epithelial tissue
[18] and from mammary adipose tissue [19] for the purpose of
defining the molecular phenotypes underlying epithelial normalcy
and determining the role of adipocytes in the breast tumor micro-
environment. Recently, this method was also successfully applied
to the isolation of TIF from other types of human malignancies
including bladder transitional carcinoma [20], renal cell carcinoma
[21], liver cancer [22], and ovarian cancer [23].
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In addition, we include two complementary protocols for the
preparation, sectioning, and H&E staining of snap-frozen and
FFPE tumor tissue blocks and for proteomic profiling of TIF and
matched tumor samples by 2D-PAGE, which we established for
the characterization and reciprocal comparison between tumor-
associated fluids and paired tumor specimen [18]. Together, these
procedures will enable the researcher not only to efficiently isolate
high yields of TTF, but also to evaluate and prepare the TIF sample
for downstream proteomic analysis.

2 Materials

2.1 Materials
for Tissue Dissection
and TIF Isolation

2.2 Materials

for H&E Staining

of Snap-Frozen Breast
Tissue Sections

and FFPE Breast
Tissue Sections

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ cm at 20 °C) and
analytical grade reagents. Prepare all solutions and reagents and
store at 4 °C (unless indicated otherwise). Diligently follow all waste
disposal regulations when discarding waste materials. No chemical
preservatives, such as sodium azide, were used.

. Dissection instruments: Scissors, forceps, disposable scalpels.
. Phosphate-buffered saline, 1x (PBS).

10 ml Plastic conical tubes.

. 8 cm Petri dish.

. Centrifuge.

. Pasteur pipettes.

. Humidified CO, incubator set to 37 °C.

. 6 cm Petri dish.

. Cryostat set to -20 °C.

. Cryosectioning chuck.

. OCT compound (Tissue-Tek).
. Microscope slides.

. Slide rack.

. 70% Ethanol.

. 96 % Ethanol.

. 99% Ethanol.

. 100% Ethanol.

. Mayer’s hematoxylin solution.

O 0 N O\ Ul W N~

—
— O

. Eosin solution.

p—
9]

. Glass cover slips.

—
w

. Mounting medium (Pertex).
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2.3 Materials for TIF
Sample Preparation
for 2D-PAGE

2.4 Materials

for 2D-PAGE: First-
Dimension Separation
by Isoelectrofocusing

14.
15.
16.
17.
18.
19.
20.
21.

1.
2.

O 0 N N Ul R W N

—
=]

11.
12.
13.
14.
15.
16.

17.

10% Formalin.

Tissue cassette.

Xylene.

Paraffin.

Microtome.

Water bath set to 40 °C.
Microscope slides.

Air oven set to 60 °C.

Lyophilizer.

O’Farrell’s lysis solution: 9.8 M Urea, 2% (w/v) NP40, 2%
ampholines pH 7-9, 100 mM dithiothreitol (DTT). To make
50 ml, add 29.42 g, 10 ml of'a 10% stock solution of NP-40,
1 ml of ampholytes pH 7-9, and 0.771 g of DTT to glass
cylinder. Dissolve carefully at room temperature and complete
to 50 ml with deionized water. The solution should not be
heated. Aliquot in 2 ml portions and keep at -20 °C.

. Glass tubes (140 mm in length, 2 mm inside diameter).
. Parafilm.

. Tube gel casting stand.

. Vacuum pump.

. 10 ml syringe and long needle.

. Whatman 3MM paper.

. Electrophoresis tube gel module.

. Power supply.

. Ultrapure urea.

. 30% Acrylamide stock solution (acrylamide / N, N'-methylene-

bis-acrylamide=29/1).

10% NP-40.

Carrier ampholytes, pH range 5-7.
Carrier ampholytes, pH range 3.5-10.
10% Ammonium persulfate.

TEMED.

Overlay solution: 8 M Urea, 1% ampholytes pH 7-9, 5% (w/v)
NP-40, and 100 mM DTT. To make 25 ml, add 12.012 g of
urea, 0.25 ml of ampholytes pH 7-9, 12.5 ml of a 10% stock
solution of NP-40, and 0.386 g of DTT. After dissolving,
complete to 25 ml with distilled water. The solution should not
be heated. Aliquot in 2 ml portions and keep at -20 °C.

20 mM NaOH.
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18.
19.
20.

2.5 Materials 1.

for 2D-PAGE: Second-
Dimension Gel
Electrophoresis
(SDS-PAGE)

O 0 NN N Ul o W

e e e e T T T
O 0 N3 &N Ul W wN—-=O

20.

21.
22.

20 mM H3PO4.
35 mm Tissue culture dishes.

Equilibration solution: 0.06 M Tris—-HCI, pH 6.8, 2% SDS,
100 mM DTT, and 10% glycerol. To make 250 ml, add 15 ml
of'a 1 M stock solution of Tris-HCI, pH 6.8, 50 ml of a 10%
stock solution of SDS, 3.857 g of DTT, and 28.73 ml of glyc-
erol (87 % concentration). After dissolving, complete to 250 ml
with distilled water. Store at room temperature.

Glass plates and matching notched plates, 16.5 cmx20 cm;
notch 2 cm deep and 13 cm wide.

. Polystyrene spacers (1 cmx20 cm, 1 mm thick).

. Polystyrene spacers (3 cmx 13 cm, 1 mm thick).

. Fold-back clamps.

. 100 ml filter flask.

. Magnetic stir bar.

. Vacuum pump.

. Whatman 3MM paper.

. Scalpel.

. Electrophoresis chamber for slab gel.

. Power supply.

. 40% Acrylamide solution.

. 2% N,N'-methylene-bis-acrylamide (BIS) solution.
. 10% SDS.

. 1.5 M Tris-HCI, pH 8.8.

. 1.0 M Tris-HCI, pH 6.8.

. 10% Ammonium persulfate.

. N,N,N', N-tetramethylethylenediamine (TEMED).
. Agarose solution: 0.06 M Tris—HCI, pH 6.8, 2 % SDS, 100 mM

DTT, 10% glycerol, 1% agarose, and 0.002% bromophenol
blue. To make 250 ml, add 15 ml of a 1 M stock solution of
Tris—HCI, pH 6.8, 50 ml of a 10% stock solution of SDS,
3.857 g of DTT, 28.73 ml of glycerol (87 % concentration),
2.5 g of agarose, and 2.5 ml of a 0.2% stock solution of bro-
mophenol blue. Add distilled water and heat in a microwave
oven. Complete to 250 ml with distilled water and aliquot in
20 ml portions while the solution is still warm. Keep at 4 °C.

Electrode buffer: To make 1 I of a 5x solution, add 30.3 g of
Tris base, 144 g of glycine, and add 50 ml of 10% SDS solution.
Complete to 1 1 with distilled water.

10 ml syringe with bent needle.

Fixative solution: Ethanol:acidic acid:water (40:5:55).
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3 Methods

3.1 Breast Tissue

Dissection

This section describes the procedure for recovering TIF from
breast tumor tissue together with several accompanying protocols
regarding processing and basic H&E staining techniques for
frozen and FFPE tissue sections (se¢ Note 1). We also provide a
protocol for high-resolution two-dimensional gel electrophoresis
(2D-PAGE), which we established in our laboratory to character-
ize the proteomes of cells, tissues, and fluids and is suitable for
downstream analysis of the TIF proteome (see Note 2).

1.

Surgically remove breast tissue by mastectomy (see Note 3).

2. Under the supervision of an experienced pathologist, carefully

examine all or part of the dissected breast tissue, and select the
tumor lesion(s) (usually surrounded by healthy tissues and fat)
to be used for TIF recovery and other accompanying experi-
ments (Fig. 1A).

. Dissect a homogenous piece of tumor (about 0.5 g) from the

tissue mass and place it into a 10 ml conical tube containing
3 ml of PBS. Place the tube in an ice bath and transport imme-
diately to the laboratory.

. Upon arrival in the laboratory, transfer the tumor sample from

the tube to an 8 cm Petri dish. Thoroughly cleanse the tumor
specimen of nonmalignant tissue (mainly stroma and fat) using
a disposable scalpel and fine forceps (see Note 4) (Fig. 1B).

ignant tissue

Snap-frozen

FFPE

Dissected tumor tissue

Supernatnat,
containing TIF
components

37°C, 1 hour in PBS

Fig. 1 Workflow for recovering of TIF from fresh breast tumor tissue
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5.

3.2 |Isolation of TIF 1.

from Breast Tumor
Tissue

10.

3.3 H&E Staining 1.

of Snap-Frozen Breast
Tissue Sections

With the aid of the disposable scalpel, divide the tissue into
two halves and label them specimen “a” (intended for TIF
preparation) and specimen “b” (intended for snap-frozen
and /or FFPE tissue blocks) (Fig. 1C, D).

Place a clean, fresh piece of tumor sample weighing about 0.25 g
(i.e., specimen “a,” see Subheading 3.1, step 5) (see Note 5)
into a Petri dish of an appropriate size (Fig. 1C, E).

. Neatly cut the tissue sample into small pieces (about 1 mm? or

less) using a disposable scalpel and thin forceps. Try to make an
incision using only one motion of the scalpel. Avoid multiple
repetitive incisions in one area (Fig. 1E) (see Note 6).

. Place the small fragments of tissue into a 10 ml conical tube

containing 1 ml of PBS (Fig. 1F) (see Note 7).

. Shake the tube manually and then centrifuge the sample at

100 x g for 1 min. With the aid of an elongated Pasteur pipette,
carefully aspirate and discard the supernatant containing tissue
and cellular debris generated by sample manipulation in step 2
(see Subheading 3.2, step 2; see Note 8).

. Add 1 ml of PBS to the pellet, shake the tube manually, and

incubate at 37 °C in a humidified CO, incubator for 1 h
(see Note 9).

. Centrifuge the tube at 100 x4 for 2 min (see Note 10).

. Transfer the supernatant to another 10 ml conical tube using

an elongated Pasteur pipette.

. Centrifuge the tube at 2000 x 4 for 20 min at 4 °C.

. The final supernatant (TIF sample) will contain a protein con-

centration typically ranging from 1 to 4 mg/ml. Isolate a
0.1 ml aliquot for 2D gel electrophoresis. Divide the remain-
der of the TIF sample into smaller aliquots suitable for further
analysis to minimize future repetitive freeze/thaw cycles. Store
the samples at -80 °C.

Lyophilize the 0.1 ml aliquot of the TIF sample (see
Subheading 3.5, step 1) and then store at =20 °C before pro-
ceeding with 2D-PAGE (see Note 2).

Place the frozen tissue sample (i.e., “b,” see Fig. 1C) on a suit-
able cryosectioning chuck. Coat the tissue with fresh OCT
compound and orientate the sectioning surface of the tissue
block. Place the chuck with the fixed tissue block into the cryo-
stat chamber set to -20 °C.

. Cut sections to 8 pm thickness using the cryostat set to

-20 °C. For optimal cutting of soft tissues, adjust the temperature
in the cryostat chamber (see Note 11).
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3.4 H&E Staining
of FFPE Breast
Tissue Sections

12.

13.

14.

. Transfer the sections onto glass slides suitable for H&E staining

by touching the tissue section gently to the slide surface
(see Note 12).

. Allow the slides to air-dry for about 20 min at room
temperature.
. Place the slides to be stained in a slide rack and fix in 96 % etha-

nol for 1 min.

. Rinse the slides in deionized water.

. Immerse the slide rack into Mayer’s hematoxylin solution for

3 min.

. Rinse the slides in running tap water for 2 min.

. Immerse the slide rack into eosin solution for 45 s.
10.
11.

Rinse the slides in deionized water.

Immerse the slide rack briefly and sequentially in 70 % ethanol,
96 % ethanol, and 99 % ethanol. Allow the slides to air-dry for
about 20 min at room temperature.

Place a small drop of mounting media onto the section.
Carefully lower a glass cover slip on top of the mounting
media. Ensure that the cover slip comes as close to the section
as possible.
Examine and photograph the stained slides under a light
microscope.

Cover the remaining frozen tissue block with additional OCT
to avoid freeze-drying, and store the sample at -80 °C for
future re-processing as necessary.

. Place a piece of freshly dissected tissue (i.e., “b,” see Fig. 1C,

<3 mm thick) into an appropriate small plastic container filled
with 5 ml of 10% formalin, and incubate for 24-36 h at room
temperature (see Note 13).

. Following fixation, transfer the sample to a tissue cassette and

dehydrate the tissue by sequential washes in 70, 96, and 99 %
ethanol for 1 h each. Complete the dehydration by incubating
the sample in two changes of 100% ethanol for 1 h each
(see Note 14).

. Immerse the dehydrated tissue into the clearing agent, xylene,

tor 1 h. Repeat with fresh xylene.

. Immerse the tissue into three changes of melted paratfin at

60 °C for 1 h each.

. After the final paraffin immersion, transfer the tissue cassette to

an embedding instrument. Embed the tissue in a paraffin block.
The paratfin tissue block can be stored at room temperature
for years.
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3.5 TIF Sample
Preparation
for 2D-PAGE

3.6 2D-PAGE:
First-Dimension
Separation by IEF

6.

10.

11.

12.

13.
14.
15.

16.

17.

18.

Cut the paraffin-embedded tissue block to sections of 5-8 pm
thickness on a microtome. Transfer the sections to a bath con-
taining deionized water at 40 °C. Ensure that the sections are
fully unfolded on the surface of the water.

. With the aid of a small brush, transfer the sections onto glass

slides.

. Place the glass slides into an air oven set to 60 °C overnight

(see Note 15).

. Allow the slides to air-dry at room temperature for 1 h. Store

the slides at 4 °C until needed for H&E staining (se¢ Note 16).

Place the slides to be stained in a slide rack and wash in xylene
twice for 5 min each.

Immerse the slide rack sequentially into the following ethanol
washes: 99 % ethanol twice for 3 min each, 96% ethanol twice
for 3 min each, and 70 % ethanol once for 1 min. Finally, wash
the slides in deionized water for 1 min.

Immerse the slide rack into Mayer’s hematoxylin solution for
10 min.

Rinse the slides in running tap water for 5 min.
Immerse the slide rack into eosin solution for 1 min.

Rinse the slides briefly in running tap water and then in deion-
ized water.

Dip the slide rack about 20 times each in 70, 96, and then 99 %
ethanol.

Place a small drop of mounting media (Pertex) onto the sec-
tion. Carefully lower a glass cover slip on top of the mounting
media. Ensure that the cover slip comes as close to the section
as possible.

Examine and photograph the stained slides under a light
microscope (see Note 17; Fig. 2).

. Solubilize the freeze-dried TIF (see Subheading 3.2, step 10)

in 0.1 ml of O’Farrell’s lysis solution. Pipette up and down
(avoid foaming). Store at =20 °C until ready for further use.

. To prepare the sample from a tissue, cut 20-30 serial sections

from a frozen block (see Subheading 3.3, step 2), collect them
into Eppendorf tubes, and solubilize in 0.1 ml of O’Farrell’s
lysis solution. Store at —20 °C until ready for further use.

. Mark the glass tubes selected for isoelectrofocusing (IEF) with

a line 12.5 cm from the bottom. Enclose the bottom end of
the tube with Parafilm and stand the tube in a gel casting rack.

. For 12 first-dimension IEF gels, mix 5.49 g urea; 1.3 ml of

30% acrylamide solution (see Subheading 2.6, item 10); 2 ml
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Fig. 2 H&E staining of FFPE sections of two breast tumors (A and B) with different intratumor morphological
features. Tumor A is characterized by a high presence of malignant epithelial cells (4) and infiltrating lympho-
cytes (B). Tumor B is characterized by a lower level of malignant cells (4) and by pronounced presence of
stroma (C) and adipocyte cells (D)

10% NP-40; 2 ml H,O; 0.40 ml carrier ampholytes, pH 5-7;
and 0.133 ml carrier ampholytes, pH 3.5-10. Swirl the solu-
tion gently until the urea is dissolved. The solution should not
be heated. Add 15 pl of 10% ammonium persulfate and 10 pl
of TEMED, mix gently, and degas using a vacuum pump.

3. Draw up the gel solution with a 10 ml syringe attached to a
long needle. Insert the tip of the needle to the bottom of the
tube and slowly fill to the mark. Avoid air bubbles.

4. Overlay the gel solution with 10 pl of glass-distilled water and
allow to polymerize for 45 min.

5. Take the tubes from the gel casting rack, remove the Parafilm
using a scalpel, remove excess liquid from the upper half of the
tube by shaking, and dry using a thin strip of Whatman 3MM
paper. Insert the tubes into the upper chamber of the electro-
phoresis tube gel module.

6. Add 10 pl of O’Farrell’s lysis solution and then 10 pl of overlay
solution into the tubes. Fill the tubes and the upper chamber
(-) with 20 mM NaOH. Pre-run the gels at room temperature
for 15 min at 200 V, 30 min at 300 V, and then 60 min at
400 V. Remove the tubes and wash the top of the gels with
deionized water. Remove excess water from the surface of the
gels with a thin strip of Whatman 3MM paper.

7. Apply 40 pl of the TIF sample (see Subheadings 3.2, step 10,
and Subheading 3.5, step 1) or tumor sample (see
Subheading 3.5, step 2) and then 10 pl of overlay solution
into the tubes. Fill the tubes and the upper chamber (-) with
20 mM NaOH and fill the lower chamber with 20 mM H;PO,.
Run for 19 h at 400 V at room temperature.



Characterization of the Tumor Secretome from Tumor Interstitial Fluid (TIF) 241

3.7 2D-PAGE:
Second-Dimension Gel
Electrophoresis
(SDS-PAGE)

8.

10.

Once the run is complete, remove the gels from the tubes with
a syringe filled with glass-distilled water and place them into
35 mm tissue culture dishes containing 3.5 ml of equilibration
solution. Store at —20 °C until ready for further use.

. Assemble the glass plate (16.5 cmx20 cm) with the notched

plate and spacers greased with Vaseline. Hold the assembled
plates together using fold-back clamps. Mark a line 2.5 cm
from the top of the notched plate.

. Prepare the 15 % resolving solution for one gel by mixing the

following solutions in a 100 ml filter flask containing a mag-
netic stirrer: 8.6 ml 40 % acrylamide solution, 0.9 ml BIS solu-
tion, 0.2 ml 10% SDS, 5.7 ml 1.5 M Tris-HCI, pH 8.8, and
7.4 ml deionized water.

. Add 113 pl of 10 % ammonium persulfate and 5 pl of TEMED

to the solution just before degassing using a vacuum pump.
Pour the solution between the assembled plates to the marked
line and overlay carefully with deionized water. Allow the gel
to polymerize for approximately 1 h.

. Prepare the 5% stacking solution for one gel by mixing the fol-

lowing solutions: 0.6 ml 40 % acrylamide solution, 0.6 ml BIS
solution, 0.05 ml 10% SDS, 0.6 ml 1.0 M Tris—HCI, pH 6.8,
and 3.1 ml deionized water. Remove excess liquid and dry the
top of the gel with a strip of Whatman 3MM paper.

. Add 40 pl of 10% ammonium persulfate and 2 pl of TEMED

to the stacking gel solution just before degassing using a vacuum
pump. Carefully pour the solution on top of the resolving gel
and insert a polystyrene spacer (3 cmx 13 cm) a few millime-
ters between the assembled plates. Allow the gel to polymerize
for approximately 1 h.

. Following polymerization, remove the top and bottom spacers

and clean the space between the two glass plates with a strip of
Whatman 3MM paper.

. Prepare the agarose solution in a microwave oven and immedi-

ately cover the top of the stacking gel with a small amount of
agarose to fill in the space left by the spacer.

. Remove the 35 mm tissue culture dishes containing the

first-dimension gel in 3.5 ml of equilibration solution from the
freezer and allow to thaw at room temperature.

. Remove the first-dimension gel from the equilibration buffer

and carefully place it across the top of the second-dimension
gel with the aid of plastic tweezers and a piece of Parafilm.
Cover the first-dimension gel with 2—-3 ml of melted agarose.

Clamp the gel plates to the electrophoresis chamber for slab
gel filled with electrode buffer. There should be enough
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electrode buffer in the upper chamber to completely cover the
agarose. Remove air bubbles at the bottom of the gel using a
10 ml syringe attached to a bent needle.

11. Connect the electrodes (upper, —; lower, +) to the power sup-
ply. Run the gels at 10 mA for 4 h and at 3 mA overnight at
room temperature (until the tracking dye has reached 1 cm
from the bottom). At the end of the run, turn off the power
supply, disassemble the plates using a spatula, and discard the
stacking gel by cutting it away from the resolving gel with a
scalpel.

12. Place the gel in the fixative solution (se¢ Note 18).

13. Silver stain the gel using a protocol that is compatible with
mass spectrometry as described elsewhere (see ref. 24) (Fig. 3;
see Note 18).
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Fig. 3 2D gel protein profiling of interstitial fluid recovered from breast carcinoma, and tumor tissue obtained from
the same patient (patient 46) after mastectomy. (a) IEF 2D gel of tumor 46. (b) IEF 2D gel of TIF 46. Black arrows
show the proteins which are not detected or are present at trace level in TIF as compared in tumor: KRT7—cyto-
keratin 7; KRT8—cytokeratin 8; KRT13—cytokeratin 13; KRT13—cytokeratin 15; KRT16—cytokeratin 16;
KRT17—cytokeratin 17; KRT19—cytokeratin 19; LMNB1—Iamin B1; HNRNPL—heterogeneous nuclear ribonu-
cleoprotein L; HNRNPC—nheterogeneous nuclear ribonucleoproteins C1/G2; HNRNPF—heterogeneous nuclear
ribonucleoprotein F; NPM1—nucleophosmin; CDH1—cadherin-1, CANX—calnexin; HSP90B1—endoplasmin;
USP5—ubiquitin carboxyl-terminal hydrolase 5; PDIA6—protein disulfide-isomerase A6; HSPA5—78 kDa glu-
cose-regulated protein; ANXA5—annexin A5; RPSA—40S ribosomal protein SA; FAM49B—oprotein FAM49B;
TF—serotransferrin; SOD2—superoxide dismutase [Mn], mitochondrial; and TUFM—elongation factor Tu, mito-
chondrial. Blue arrows indicate the proteins which are highly presented or at comparable level in both tumor and
TIF: LCP1—plastin; PDIA3—protein disulfide-isomerase A3; HSPA8—heat-shock cognate 71 kDa protein;
RAB11A—Ras-related protein Rab-11A; PRDX2—peroxiredoxin-2; PRDX6—peroxiredoxin-6; LDH—L-lactate
dehydrogenase B chain; ENO1—alpha-enolase; APOA1—apolipoprotein A-l; TXN—thioredoxin; TPI1—triose-
phosphate isomerase; and GSTP1—glutathione S-transferase P. Proteins were identified by MALDI TOF MS-MS
(reproduced with permission from Elsevier)
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4 Notes

1. Human tumors exhibit highly heterogeneous features including
various tumor subtypes, histologies, proportions of malignant
and stromal cells, gene expression patterns, genotypes, and
metastatic and proliferative potentials. The histological hetero-
geneity of tumor samples introduces significant challenges to
the interpretation of tumor secretome data. Therefore, even
the initial information regarding the morphological features of
the tissue specimen from which TIF is recovered is absolutely
essential for the proper interpretation of tumor secretome data.
Histopathological examination of the tumor sample by micro-
scopic imaging of H&E-stained frozen or FEPE sections
should be performed by an expert pathologist. Therefore, the
tumor specimen is divided into two separate samples, one of
which should be used to prepare the snap-frozen and/or
FFPE blocks for H&E staining and /or immunohistochemistry
(see Subheading 3.1, step 5). H&E staining of frozen sections
offers a fast and simple method to obtain initial histopathologi-
cal information and rapidly evaluate the quality of the tumor
sample (proportion of malignant epithelia, presence of stroma
and adipose tissue, infiltrated lymphocytes, and other mor-
phological parameters) before processing the tissue for TIF
isolation.

2. 2D-PAGE was selected as the method of choice to separate
complex protein mixtures present in TIF because it remains
widely regarded as the “gold standard” for comprehensive
proteomic analysis (see refs. 25, 26). Moreover, 2D-PAGE
enables the comparison of the levels of secreted and structural
protein components in a single run, and therefore can provide
a quality check of the TTF content for the extent of proteolysis
(see ref. 18). Western blotting analysis can also be performed to
evaluate the relative levels of structural and secreted compo-
nents of the TIF proteome as an alternative method. In Western
blotting, proteins are probed for using specific antibodies and
expression is estimated in relation to consistent loading con-
trols, so-called housekeeping genes. The samples loaded on
the gel are normalized according to protein concentration.
However, this method of TIF analysis has limitations because
it can only provide information about selected individual pro-
teins one experiment at a time rather than an unbiased view of
the proteome within a single experiment.

3. This step is always carried out by the surgeon in the operating
room of the hospital. Fresh tissue specimens can be obtained
from different regions of the breast: tumor or nonmalignant/
adipose tissue located distally from or adjacent to the tumor.
There are two main types of surgical biopsies: (a) incisional
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biopsy removes just enough of the suspected area to make a
diagnosis and (b) excisional biopsy removes the entire tumor
(mastectomy) or abnormal area, with or without removing an
edge of normal breast tissue (this will depend on the reason
underlying excisional biopsy). Fresh tissue samples are often
very fragile and can easily become damaged during the removal
and handling process. Therefore, it is important to handle
tissues carefully as soon as possible after resection in the oper-
ating room and immediately transport them to the laboratory
for further processing.

. Try to remove any obvious nonmalignant tissue from the

tumor sample as thoroughly as possible so that no visible por-
tion of the nonmalignant area extends past the margin of the
tumor sample. This step is critical because the presence of
nearby non-tumor tissue will affect TIF composition and
therefore will greatly complicate the interpretation of the
results. The goal is to isolate a morphologically or anatomically
homogeneous sample.

. TTF can be recovered from a relatively small tissue specimen,

such as from a core needle biopsy of breast tissue obtained in a
hospital by a radiologist or surgeon for diagnostic purposes.
In this case, reduce the volume of PBS in which the pieces of
tissue are contained accordingly (see Subheading 3.2, step 3).
The TIF yield will be proportional to the size or amount of
starting material.

. Multiple repetitive incisions in one area may cause significant

damage to the tissue and lead to the accumulation of excessive

debris.

. Other types of physiological saline buffer can be used instead

of PBS for TIF harvesting through passive incubation. Teng
and colleagues (see ref. 27) investigated five different buffer
systems (PBS, Dulbecco’s modified Eagle’s medium [DMEM],
and three organ transplantation preservative solutions: Celsior
solution S [CS], histidine-tryptophan-ketoglutarate [HTK],
and a proprietary solution of the University of Wisconsin
[UW]) and concluded that there were no significant differ-
ences in the protein composition of TIF harvested in these five
solutions. However, additional components endogenously
present in DMEM, UW, CS, and HTK as compared to PBS
may affect some downstream analysis and should be eliminated
by additional sample preparation steps as described elsewhere.
In general, PBS is the most suitable and convenient solution
tor recovering TIF proteins for proteomic analysis.

8. Adipose tissue is a major component of the breast (especially in

older women), and breast tumor cells are often detected inter-
digitating with and spreading through the peripheral fat tissue
[28]. Consequently, it is often impossible to thoroughly clean
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10.

11.

12.

13.

14.

15.

16.

17.

18.

a tumor sample of fat, and pieces of tumor sample adhering to
a significant proportion of adipose tissue will be found floating
in suspension after centrifugation due to the low buoyant den-
sity of fat. In such cases, it is recommended that the liquid
phase is collected /aspirated by placing an elongated Pasteur
pipette between the pelleted and surfaced layers of tissue.

. In our experience, the time of incubation can be increased up

to 12 h without leading to substantially increased proteolysis
(see ref. 18), but may result in a higher TTF yield.

This additional centrifugation step is recommended to remove
debris more thoroughly (see Subheading 3.2, step 8).

Soft tumor tissue containing fat may require a lower tempera-
ture for proper cutting.

Tissue sections should be transferred to slides within 1 min
after cutting to keep them from drying out.

Formalin is a hazardous chemical capable of causing skin, eye,
and respiratory tract irritation. All procedures with formalin
should be handled under a working fume hood.

Steps 2-5 (“tissue processing”) can be performed manually,
but many current laboratories are equipped with automated
tissue processing instruments to enable more rapid processing
and provide higher quality outcomes.

This step allows even penetration of paraffin into the tissue
section.

FFPE tissue processing is also the most common method for
immunohistochemistry (IHC). Because each antigen may
require its own optimized set of IHC steps, it is beyond the
scope of this chapter to include a comprehensive protocol
encompassing all IHC circumstances. Consequently, the
researcher is responsible for optimizing the conditions for each
antigen of interest. Many protocols for IHC staining as well as
useful tips and troubleshooting guides can be found at the
THC World website (http://www.ihcworld.com/).

Upon H&E staining, DNA and RNA will be stained blue or
violet/blue, whereas the cytoplasm, collagen, keratin, and red
blood cells will be stained pink. Hematoxylin is positively
charged and binds to anions, such as nucleic acids. Eosin is
negatively charged and binds to all positively charged groups
in proteins (i.e., amino acids), and is therefore used as a back-
ground or contrast stain.

Gels can also be used directly for Western blotting procedures.
In this case, the gel does not undergo fixation and proteins are
transferred electrophoretically to adsorbent membranes such
as nitrocellulose or polyvinylidene difluoride, as described
elsewhere (see ref. 29).


http://www.ihcworld.com/

246 Pavel Gromov and Irina Gromova

Acknowledgements
Preparation of this manuscript was supported by the Danish Cancer
Society through the Danish Cancer Society Research Center
budget and by grants from the John and Birthe Meyer Foundation
and EurocanPlatform.

References

1. Baronzio G, Parmar G, Baronzio M, Kiselevsky Bandhakavi S, Griffin TJ (2010) Novel in situ

10.

11.

12.

M (2014) Tumor interstitial fluid: proteomic
determination as a possible source of biomark-
ers. Cancer Genomics Proteomics 11:225-237

. Gromov P, Gromova I, Olsen CJ, Timmermans-

Wielenga V, Talman ML, Serizawa RR, Moreira
JM (2013) Tumor interstitial fluid: a treasure
trove of cancer biomarkers. Biochim Biophys
Acta 1834:2259-2270

. Schaaij-Visser TB, de Wit M, Lam SW, Jiménez

CR (2013) The cancer secretome, current sta-
tus and opportunities in the lung, breast and
colorectal cancer context. Biochim Biophys
Acta 1834:2242-2258

. Paltridge JL, Belle L, Khew-Goodall Y (2013)

The secretome in cancer progression. Biochim
Biophys Acta 1834(11):2233-2241

. Wiig H, Tenstad O, Iversen PO, Kalluri R,

Bjerkvig R (2010) Interstitial fluid: the over-
looked component of the tumor microenviron-
ment? Fibrogenesis Tissue Repair 3:12

. Sylven B, Bois I (1960) Protein content and

enzymatic assays of interstitial fluid from some
normal tissues and transplanted mouse tumors.
Cancer Res 20:831-836

. Gullino PM, Clark SH, Grantham FH (1964)

The interstitial fluid of solid tumors. Cancer
Res 24:780-794

. Aukland K, Fadness HO (1973) Protein con-

centration in interstitial fluid collected from rat
skin by a wick method. Acta Physiol Scand
88:350-358

. Stohrer M, Boucher Y, Stangassinger M, Jain

RK (2000) Oncotic pressure in solid tumors is
clevated. Cancer Res 60:4251-4255

Dabrosin C (2005) Microdialysis — an in vivo
technique for studies of growth factors in
breast cancer. Front Biosci 10:1329-1335

Huang CM, Ananthaswamy HN, Barnes S,
Ma'Y, Kawai M, Elmets CA (2006) Mass spec-
trometric proteomics profiles of in vivo tumor
secretomes: capillary ultrafiltration sampling of
regressive tumor masses. Proteomics 6:
6107-6116

Stone MD, Odland RM, McGowan T,
Onsongo G, Tang C, Rhodus NL, Jagtap D,

13.

14.

15.

16.

17.

18.

19.

collection of tumor interstitial fluid from a
head and neck squamous carcinoma reveals a
unique proteome with diagnostic potential.
Clin Proteomics 6:75-82

Wiig H, Aukland K, Tenstad O (2003)
Isolation of interstitial fluid from rat mammary
tumors by a centrifugation method. Am
J Physiol Heart Circ Physiol 284:H416-H424

Wiig H, Berggreen E, Borge BA, Iversen PO
(2004) Demonstration of altered signaling
responses in bone marrow extracellular fluid
during increased hematopoiesis in rats using a
centrifugation method. Am ] Physiol Heart
Circ Physiol 286:H2028-H2034

Semaeva E, Tenstad O, Bletsa A, Gjerde EA,
Wiig H (2008) Isolation of rat trachea interstitial
fluid and demonstration of local cytokine pro-
duction in lipopolysaccharide-induced systemic
inflammation. J Appl Physiol 104:809-820

Brekke HK, Oveland E, Kolmannskog O,
Hammersborg SM, Wiig H, Husby P, Tenstad
O, Nedrebg T (2010) Isolation of interstitial
fluid in skin during volume expansion: evalua-
tion of a method in pigs. Am ] Physiol Heart
Circ Physiol 299:H1546-H1553

Haslene-Hox H, Oveland E, Berg KC,
Kolmannskog O, Woie K, Salvesen HB,
Tenstad O, Wiig H (2011) A new method for
isolation of interstitial fluid from human solid
tumors applied to proteomic analysis of ovarian
carcinoma tissue. PLoS One 6, ¢19217

Celis JE, Gromov P, Cabezén T, Moreira JM,
Ambartsumian N, Sandelin K, Rank F,
Gromova I (2004) Proteomic characterization
of the interstitial fluid perfusing the breast
tumor microenvironment: a novel resource for
biomarker and therapeutic target discovery.
Mol Cell Proteomics 3:327-344

Celis JE, Moreira JM, Cabezén T, Gromov P,
Friis E, Rank F, Gromova I (2005)
Identification of extracellular and intracellular
signaling components of the mammary adipose
tissue and its interstitial fluid in high risk breast
cancer patients: toward dissecting the molecu-
lar circuitry of epithelial-adipocyte stromal cell
interactions. Mol Cell Proteomics 4:492-522



20.

21.

22.

23.

24.

Characterization of the Tumor Secretome from Tumor Interstitial Fluid (TIF)

Gromov P, Moreira JM, Gromova I, Celis JE
(2008) Proteomic strategies in bladder cancer:
from tissue to fluid and back. Proteomics Clin
Appl 2:974-988

Teng PN, Hood BL, Sun M, Flint MS,
Bateman NW, Dhir R, Bhargava R, Richard
SD, Edwards RP, Conrads TP (2010)
Differential proteomic analysis of renal cell car-
cinoma tissue interstitial fluid. J Proteome Res
10:1333-1342

Sun W, Ma J, Wu S (2010) Characterization of
the liver tissue interstitial fluid (TTF) proteome
indicates potential for application in liver dis-
case biomarker discovery. J Proteome Res
9:1020-1031

Wang TH, Chao A, Tsai CL, Chang CL, Chen
SH, Lee YS, Chen JK, Lin YJ, Chang DY,
Wang CJ, Chao AS, Chang SD, Chang TC,
Lai CH, Wang HS (2010) Stress-induced
phosphoprotein 1 as a secreted biomarker for
human ovarian cancer promotes cancer cell
proliferation. Mol Cell Proteomics
9:1873-1884

Gromova II, Celis JE (2006) Protein detec-
tion in gels by silver staining: a procedure
compatible with mass spectrometry. In: Celis
JE, Carter N, Hunter T, Simons K, Small JV,
Shotton D (eds) A cell biology. Laboratory

25.

26.

27.

28.

29.

247

handbook, 3rd edn. Elsevier, New York, NY,
pp 219-223

Rogowska-Wrzesinska A, Le Bihan MC,
Thaysen-Andersen M, Roepstorff P (2013) 2D
gels still have a niche in proteomics. ] Proteomics
88:4-13

Oliveira BM, Coorssen JR, Martins-de-Souza
D (2014) 2DE: the phoenix of proteomics.
J Proteomics 104:140-150

Teng PN, Rungruang BJ, Hood BL (2010)
Assessment of buffer systems for harvesting
proteins from tissue interstitial fluid for pro-
teomic analysis. ] Proteome Res 9:4161-4169

Gromov P, Gromova I, Bunkenborg J, Cabezon
T, Morecira JM, Timmermans-Wielenga V,
Roepstorff P, Rank F, Celis JE (2010 Feb)
Up-regulated proteins in the fluid bathing the
tumour cell microenvironment as potential
serological markers for early detection of cancer
of the breast. Mol Oncol 4(1):65-89.
doi:10.1016/j.molonc.2009.11.003, Epub
2009 Nov 23

Celis JE, Moreira JMA, Gromov P (2006)
Determination of antibody specificity by west-
ern blotting. In: Celis JE, Carter N, Hunter T,
Simons K, Small JV, Shotton D (eds) A cell
biology. Laboratory handbook, 3rd edn.
Elsevier, New York, NY, pp 527-532


http://dx.doi.org/10.1016/j.molonc.2009.11.003




Chapter 17

Vacuum Infiltration-Centrifugation Method for Apoplastic
Protein Extraction in Grapevine

Bertrand Delaunois, Fabienne Baillieul, Christophe Clément,
Philippe Jeandet, and Sylvain Cordelier

Abstract

The apoplastic fluid moving in the extracellular space external to the plasma membrane provides a means
of delivering molecules and facilitates intercellular communications. However, the apoplastic fluid extrac-
tion from in planta systems remains challenging and this is particularly true for grapevine (Vitis vinifera
L.), a worldwide-cultivated fruit plant. Here, we describe an optimized vacuum-infiltration-centrifugation
method to extract soluble proteins from apoplastic fluid of grapevine leaves. This optimized method allows
recovering of the grapevine apoplastic soluble proteins suitable for mono- and bi-dimensional gel electro-
phoresis for further proteomic analysis in order to elucidate their physiological functions.

Key words Apoplastic fluid extraction, Vacuum-infiltration-centrifugation method, VIC method,
Secretome, Apoplastic protein, Grapevine leaves, Vitis vinifera

1 Introduction

Important physiological processes such as development, intercel-
lular communications, or defense mechanisms take place in the
apoplast [1]. The apoplast is defined as the extracellular matrix or
plant cell wall and the intercellular spaces where the apoplastic fluid
(AF) circulates [2]. The AF plays a key role in intercellular and
intracellular communications and is composed of many substances
including nutrients, polysaccharides, secondary metabolites, and
secreted proteins. The apoplastic proteins (or secretome) are
involved in different physiological and biological processes related
to growth regulation, cell wall maintenance, and responses to
biotic and abiotic stresses [3, 4, 5].

Despite their biological significance, investigations on apoplas-
tic proteins are hampered due to their low abundance compared to
intracellular protein concentrations. Moreover, the AF extraction
from in planta systems is far from easy and remains challenging.
This is particularly true for a recalcitrant plant like grapevine

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_17, © Springer Science+Business Media New York 2016
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regarding its polyphenols and polysaccharide contents. The most
commonly used technique for AF extraction is the vacuum-
infiltration-centrifugation (VIC) method involving two critical
steps: vacuum-infiltration with appropriate extraction buffer and
centrifugation [2, 6, 7]. Here, we present an optimized VIC
method to extract soluble proteins from AF of grapevine leaves
suitable for gel electrophoresis analysis. The VIC method to
recover the AF of grapevine leaf has been optimized from results
obtained in barley [8] and tomato [9] resulting in a protein sample
enriched in apoplastic proteins [10].

During protein extraction with TCA /acetone butffer, the pre-
cipitation of sugars present in the AF sample leads to a viscous
extract not suitable for gel electrophoresis. To clean up proteins
from leaf AF before further processing, a procedure with TCA/
acetone combined to a phenol extraction step was performed [11,
12]. Denatured proteins and other hydrophobic proteins are solu-
ble in phenol or agglomerate at the phenol-water interface, unlike
the small molecules and nucleic acids, which are soluble in the
aqueous phase. The combined use of TCA /acetone precipitation
and phenol-based extraction improves sample quality, resulting in
a better protein separation and in reduced background and streak-
ing on electrophoresis gels.

Since high centrifugation speed may cause damage to cell walls
and membranes leading to contamination of the AF by inner cell
components, Western blot analysis has been performed on AF
sample to check the contamination level by other compartment
proteins and to confirm the sample enrichment in AF proteins.
Specific antibodies of RuBisCo, the most abundant protein found
in plant leaves, exclusively localized in cytoplasmic and chloroplas-
tic compartments [ 13] have been used as marker of the AF quality
to check the contamination level of intracellular proteins. The
RuBisCo large subunit (cytoplasmic marker) could not be detected
by Western blot analysis in the AF sample, which confirms that this
VIC method seems to be suitable to recover a highly enriched AF
protein sample from grapevine leaf [10].

The VIC method has been optimized to allow protein recov-
ery from grapevine AF suitable for 2D-PAGE analyses and to
establish a well-defined proteomic map of grapevine leaf apoplastic
soluble proteins. This proteomic map has been released in the pub-
lic World-2DPAGE database to be used as interactive reference
map and provides a comprehensive overview of the most abundant
proteins present in the grapevine apoplast [10].

2 Materials

All solutions were prepared with deionized water unless indicated
otherwise and analytical grade reagents. All solvents and hazardous
products must be handled in a fume hood with adequate
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2.1 Plant

2.2 Apoplastic Fluid
Extraction

2.3 Apoplastic
Protein Extraction

protective equipment. All material and solution waste must be dis-
carded following waste disposal regulations.

Vegetative cuttings of V. vinifera L. (cv. Chardonnay clone 7535)
were obtained from healthy pruned canes of grapevine (Vranken
Pommery, Reims vineyard, France) [14]. Cuttings were planted in
0.5 L pots containing loam, transferred in growth chamber at
20,26 °C (night/day) with a 16-h light period (500 pmol/m?/s'),
and relative humidity of 70%, and irrigated with tap water. Ten-
week-old leaves were used to perform apoplastic fluid extraction.

1. Ice-cold deionized water: Store several 1 L glass bottles at 4 °C.

2. Ice-cold infiltration buffer: 150 mM Tris-HCI, pH 8.5, con-
taining 6 mM 3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate (CHAPS) (see Note 1). Add about 900 mL
deionized water to a 1 L glass beaker (see Note 2). Weigh
18.2 g Tris and 3.69 g of CHAPS. Mix and adjust pH with
HCI or NaOH (see Note 3). Transfer to a graduated cylinder.
Fill up to 1 L with water. Store at 4 °C.

3. Soft towel paper.

. Large glass beaker. The size should fit in the vacaum chamber.

SN

. Vacuum chamber linked to a vacuum pump to apply vacuum at
80 kPa (600 mmHg).

. Nylon mesh filter with 11 pm? pore size.
. 20 mL plastic syringe without plunger.

. 50 mL Falcon tube or equivalent.

O 0 NN O

. Refrigerated high-speed centrifuge with swing rotor for 50 mL
Falcon tubes and fixed-angle rotor for 2 mL tubes.

1. Ice-cold 10% (w/v) TCA/acetone solution: Add about
800 mL acetone to a 1 L glass beaker (see Note 2). Weigh
100 g trichloroacetic acid and mix. Transfer to a 1 L graduated
cylinder. Fill up to 1 L with acetone. Store at 4 °C.

2. Ice-cold 80% (v/v) acetone: Add 800 mL acetone to a 1 L
graduated cylinder and fill up to 1 L with deionized water. Mix
well and store at 4 °C.

3. Dense SDS solution: 100 mM Tris—-HCI, pH 8, containing
30% (w/v) sucrose, 2% (w/v) SDS, 5% (v/v) 2-mercapto-
ethanol. Add about 700 mL deionized water to a 1 L glass
beaker (see Note 2). Weigh 12.1 g Tris, 300 g of sucrose, 20 g
of sodium dodecyl sulfate, and 50 mL of 2-mercaptoethanol.
Mix and adjust pH with HCI or NaOH (see Note 3). Transfer
to a graduated cylinder. Fill up to 1 L with water.

4. Phenol solution, equilibrated with 10 mM Tris—-HCI, pH 8.0
and 1 mM EDTA.
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2.4 Western Blot
Analysis Components

. Ice-cold McOH/100 mM ammonium acetate: Add about

800 mL methanol (MeOH) to a 1 L glass beaker (see Note 2).
Weigh 7.7 g ammonium acetate and mix. Transfer to a 1 L
graduated cylinder. Fill up to 1 L with methanol. Store at 4 °C.

. Solubilization buffer: 50 mM Tris—-HCI, pH 6.8, containing

10%(w/v)sucrose,1%(w,/v)SDS,5 % (v/v)2-mercaptoethanol.
Add about 700 mL deionized water to a 1 L glass beaker (see
Note 2). Weigh 6.05 g Tris, 100 g of sucrose, 10 g of SDS, and
50 mL of 2-mercaptoethanol. Mix and adjust pH with HCI or
NaOH (see Note 3). Transfer to a graduated cylinder. Fill up to
1 L with water.

2. Bradford reagent.

12.

. Spectrophotometer.

. Protein standard: Bovine serum albumin solution (BSA, 2 mg

protein/mL).

. Laemmli loading buffer 3x: 150 mM Tris—-HCI, pH 6.8, con-

taining 30 % glycerol, 6% (w/v) SDS, 0.5% (w/v) bromophe-
nol blue, and 0.15% (w/v) dithiothreitol (DTT). Add about
10 mL deionized water to a 50 mL glass beaker (se¢ Note 2).
Weigh 473 mg Tris, 6 mL of glycerol, 1.2 g of SDS,and 0.1 g
bromophenol blue. Mix and adjust pH with HCI or NaOH
(see Note 3). Transfer to a graduated cylinder. Fill up to 20 mL
with water. Add and mix 30 mg of DTT just before use.

. 4-20% precast SDS-polyacrylamide gel (Amersham ECL Gel

4-20% 10 wells; GE Healthcare, Sweden).

. Gel electrophoresis system with power supplier.
. TGS bufter: 25 mM Tris—HCI, pH 8.3, containing 192 mM

glycine and 0.1% (w/v) SDS. Add about 700 mL deionized
water to a 1 L glass beaker (see Note 2). Weigh 3.025 g Tris,
14.4 g of glycine, and 1 g of SDS. Mix and adjust pH with HCI
or NaOH (see Note 3). Transfer to a graduated cylinder. Fill
up to 1 L with water.

. Polyvinylidene difluoride (PVDF) membrane.
10.
11.

Gel-blot transfer system.

TBST buffer: 20 mM Tris-HCI, 500 mM NaCl at pH 7.5,
0.05% (v/v) Tween-20 containing 3% (w/v) of powdered
milk. Add about 700 mL deionized water to a 1 L glass beaker
(see Note 2). Weigh 2.42 g Tris, 29.2 g of NaCl, 0.5 mL
Tween-20, and 30 g of powdered milk. Mix and adjust pH
with HCI or NaOH (see Note 3). Transfer to a graduated cyl-
inder. Fill up to 1 L with water.

Anti-RbcL. primary antibody: Rabbit polyclonal antibody tar-
geting RbclL /Rubisco large subunit, form I and form II (Ref#
AS03 037; Agrisera Antibodies, Sweden).
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13.

14.
15.

Goat anti-rabbit IgG horseradish peroxidase-conjugated sec-
ondary antibody.

Chemiluminescent substrate (ECL).

Chemiluminescence detection analysis system.

3 Methods (see Note 4)

3.1 Apoplastic Fluid Apoplastic fluids were collected by an adapted VIC method [8, 9].

Extraction

1.

3.2 Apoplastic 1.

Protein Extraction

Harvest enough fully expanded leaves from the middle of the
green grapevine shoots to obtain approximately 75 g fresh
weight material after removing the middle vein using a scalpel
(see Note 5).

. Cut leaves into pieces of 1 cm? and transfer them into a large

glass beaker filed with ice-cold water (see Note 6).

. Rinse grapevine leaf pieces twice in ice-cold deionized water

(see Note 7).

. Quickly dry leaf pieces between two sheets of soft paper towel

and transfer them into a large glass beaker filed with ice-cold
infiltration buffer (see Note 8).

. Transfer the glass beaker into the vacuum chamber linked to

the vacuum pump and apply vacuum at 80 kPa (600 mmHg)
during 10 min (se¢ Note 9).

. Remove the infiltrated leaf pieces from the infiltration solution

and wash them twice in ice-cold deionized water (see Note 7).

. Quickly dry leaf pieces between two sheets of soft paper towel.

Transfer them onto a square of nylon mesh filter and arrange
them in bundles (se¢e Note 10).

. Place each bundle into 20 mL syringe (se¢ Note 11) and then

in a 50 mL Falcon tube.

. Centrifuge the Falcon tubes at 4 °C at 7500 x g for 30 min.
10.

After centrifugation, remove the syringe and withdraw the col-
lected apoplastic fluid into a new fresh 2 mL tube (see Note 12).

Add on apoplastic fluid sample 2 volume of'ice-cold 10% (w/v)
TCA /acetone solution and store overnight at -20 °C for pro-
tein precipitation (see Note 13).

2. Centrifuge the tubes at 4 °C at 10,000 x 4 for 5 min.

. Discard the supernatant and wash the pellet with ice-cold 10 %

(w/v) TCA/acetone solution.

4. Centrifuge the tubes at 4 °C at 10,000 x g for 5 min.

. Repeat steps 3 and 4 twice with ice-cold 80% (v/v) acetone

(see Note 14).
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3.3 Assessment
of Cytoplasmic
Gontamination
by Western Blot
Analysis

6.

7.

10.

11.
12.

13.
14.

15.

16.

Resuspend wet pellets in 0.8 mL of dense SDS solution at
room temperature (RT).

Add 0.8 mL phenol at RT and vortex samples for 1 min (see
Note 15).

. Centrifuge the tubes at RT at 10,000 x4 for 5 min.

. Collect the phenolic fraction and transfer it in a 15 mL Falcon

tube.

Add 5 volumes of ice-cold MeOH /0.1 M ammonium acetate
solution and store overnight at -20 °C for protein precipitation.

Centrifuge the tubes at 4 °C at 10,000 x4 for 5 min.

Discard the supernatant and wash the pellet with ice-cold
MeOH /0.1 M ammonium acetate solution.

Centrifuge the tubes at 4 °C at 10,000 x 4 for 5 min.

Repeat steps 12 and 13 once with ice-cold MeOH/0.1 M
ammonium acetate solution.

Repeat steps 12 and 13 twice with ice-cold 80% (v/v)
acetone.

Let the protein pellet air-dry and store at —80 °C for further
analyses.

. Resuspend protein pellet in solubilization buffer (see Note 16).

Quantity the protein concentration using the BSA standard and
the Bradford assay commonly used in the laboratory [15].

. Calculate the volume required to get 20 pg of protein and add

half of the volume of Laemmli loading bufter. Load the 20 pg
of protein extracts with Laemmli loading buffer on a 4-20%
precast SDS-polyacrylamide gel (see Note 17).

. Run electrophoresis at 180 V during 1 h with TGS buffer until

the dry front reaches the bottom of the gel.

. After electrophoresis, open the precast gel with a flat spatula,

remove the staking part of the gel, and wash the resolving part
with deionized water (see Note 18).

. Place the electrophoresis gel with the PVDF membrane in the

transfer system for the time indicated by the manufacturer’s
recommendations.

. Following protein transfer, place the PVDF membrane in a

9% 12 cm plastic box using flat forceps. Incubate the mem-
brane in TBST + 3% milk buffer during 1 h at RT to saturate
the membrane.

. Remove the saturation buffer and incubate the PVDF mem-

brane in TBST + 3% milk buffer with the anti-RbcL primary
antibody (Agrisera Antibodies, Sweden) at dilution 1:5000 for
large subunit RuBisCo detection during 1 h at RT.
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8.

10.

11.

12.

Wash the membrane three times for 10 min in TBST + 3 % milk
buffer to remove the aspecifically binded primary antibody.

. Incubate the PVDF membrane in TBST +3% milk solution

with the goat anti-rabbit IgG horseradish peroxidase-
conjugated secondary antibody at 1:10,000 dilution during
1 hat RT.

Wash the membrane three times for 10 min in TBST + 3 % milk
buffer to remove the aspecifically binded secondary antibody.

Incubate the membrane with the chemiluminescent substrate
for 5 min and transfer it in a plastic membrane protector.
Remove all air bubbles between the plastic sheet and the sur-
face of the membrane.

Reveal signal by fluorography in optimizing the analysis condi-
tions according to the manufacturer’s recommendations.

4 Notes

. CHAPS is used in the process of protein extraction and purifi-

cation as a non-denaturing solvent to facilitate the solubiliza-
tion of some apoplastic proteins which can be sparingly soluble
or insoluble in aqueous solution due to their native

hydrophobicity.

. Having large volume of water in the glass beaker helps to dis-

solve powder reagent relatively easily, allowing the magnetic
stir bar to go to work immediately.

. Concentrated HCI (6 N) or NaOH (5 N) can be used at first

to narrow the gap from the starting pH to the required
pH. From then on it is better to use HCl (1 N) or NaOH
(1 N) with lower ionic strengths to avoid a sudden drop in pH
below or above the required pH.

. All procedures were carried out at room temperature. Ice-cold

solutions were used quickly to avoid warming. They were then
quickly stored back in cold conditions. Ice-cold solutions can
be kept for a couple of weeks. However, the extraction yields
were higher when solutions were prepared the day before and
stored in cold conditions.

. Toreach 75 g of fresh weight, around 20 randomized 10-week-

old grapevine cutting leaves were needed.

. Grapevine leaf infiltration is difficult since leaves are waxy and not

very pulpy. The middle vein was removed and leaves were cut
into pieces to increase the accessibility of the infiltration buffer.

. It was useful to use a strainer to facilitate leaf pieces rinsing.

The rinsing of grapevine leaf pieces prevents contamination
deriving from other cell compartments.
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8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

The composition of the infiltration buffer was designed to
facilitate the protein solubilization and to preserve as much as
possible the plasmalemma integrity [6, 7].

. Infiltration was carried out 3—4 times within 10 min until

leaves became glassy in appearance.

Use 20 cm square of nylon mesh filter. To arrange them in
bundle, place leaf pieces in a half of the nylon mesh. Fold the
second half onto leaf pieces and roll the nylon mesh to form
the bundle. Be careful with the bundle diameter so that it can
fit into the syringe. Usually the 75 g of leaf pieces were divided
into six parts to form six bundles.

Remove the plunger of the syringe and insert first the folded
side of the bundle into the syringe.

Each sample was individually collected in 2 mL tube but it is
possible to pool all samples in 15 mL Falcon tubes. If the pro-
tein extraction is not performed the following day, store the
samples at =20 °C until use. At this step, sample can be used to
analyze diverse apoplastic components like ions, sugars, or sec-
ondary metabolites. To perform the protein extraction, let
slowly thaw tubes on ice the day before and carry out the first
step of protein extraction overnight.

All the following steps are performed in cold conditions unless
otherwise specified. Usually, samples were kept on ice bucket.

This purification step with phenol is essential to remove poly-
phenols and sugars that could interfere with protein separation
during electrophoresis.

After the last centrifugation step, the residual acetone was care-
fully removed but be careful to keep the pellet wet.

The protein pellet is quite difficult to resuspend in adequate
buffer for protein quantification. Do not hesitate to strongly
shake the tube with vortex. The sample sonication during
10 min also facilitates the protein resuspension. An aliquot was
used for protein quantification according to the manufacturer’s
instructions with BSA as a standard. In our hand, the soluble
protein extraction yield reached approximately 5-6 pg per gram
of leaf fresh weight for AF sample. However, if the protein
quantification is not required for further analysis, it is easier to
resuspend the protein pellet in buffer containing detergent such
as loading buffer (Laemmli buffer which contains DTT and
SDS) or urea/thiourea buffer (7 M urea/2 M thiourea).

Load a protein molecular weight marker to estimate the
approximate molecular weight of proteins and a total protein
extract as a positive control. The marker (usually colored) will
also help identifying the loading order of samples.

Do not forget to wear vinyl gloves.
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Chapter 18

Isolation of Exosome-Like Vesicles from Plants
by Ultracentrifugation on Sucrose/Deuterium
Oxide (D,0) Density GCushions

Christopher Stanly, Inmacolata Fiume, Giovambattista Capasso,
and Gabriella Pocsfalvi

Abstract

Exosomes are nanovesicles of endocytic origin that are about 30-100 nm in diameter, surrounded by a
lipid bilayer membrane, and contain proteins, nucleic acids, and other molecules. Mammalian cells- and
biological fluids-derived exosomes have become the subject for a wide range of investigations in biological
and biomedical sciences. More recently, a new interest is on the verge of rising: the presence of nanovesi-
cles in plants. Lipoprotein vesicles from apoplastic fluid and exosome-like vesicles (ELVs) from fruit juice
have been isolated and shown that they could be loaded with drugs and uptaken by recipient cells. In order
to explore and analyze the contents and functions of ELVs, they must be isolated and purified with intense
care. Isolation of ELVs can be a tedious process and often characterized by the co-purification of undesired
contaminants. Here we describe a method which isolates ELVs based on their buoyant density. The
method utilizes differential centrifugation in step 1 and 1 and 2 M sucrose/deuterium oxide double-
cushion ultracentrifugation in step 2, to purify two diverse ELV subpopulations. In this method fruit juice
is used as an example of starting material, although this protocol can be used for the isolation of vesicles
from apoplastic fluid too. The quality and the quantity of ELV preparations have been found appropriate
for downstream biological and structural studies, like proteomics, transcriptomics, and lipidomics.

Key words Extracellular vesicles, Exosome-like vesicles, Apoplastic vesicles, Plant tissue, Juice,
Purification, Isolation, Ultracentrifugation, Differential centrifugation, Sucrose gradient
centrifugation

1 Introduction

Mammalian extracellular vesicles (EVs), including exosomes,
microvesicles, and apoptotic bodies, are spherical, phospholipid
bilayer protected particles composed of bioactive molecules,
including RNAs, DNAs, proteins, and lipids. Despite that they
were discovered decades ago, it has only recently been revealed
that EVs mediate a novel form of cell-to-cell communication, and
thus represent an important and rapidly growing research field in

Andrea Pompa and Francesca De Marchis (eds.), Unconventional Protein Secretion: Methods and Protocols, Methods
in Molecular Biology, vol. 1459, DOI 10.1007/978-1-4939-3804-9_18, © Springer Science+Business Media New York 2016
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biology and translational medicine [1, 2]. Secretion and uptake of
EVs appear to be evolutionary conserved processes. Besides
mammalian cells, accumulated evidence suggests that exosome-
like structures are secreted by plant cells too [3]. Two classes of
EVs have been isolated from plants so far: apoplastic vesicles from
rice shoot [4], sunflower seed [3, 5], and tomato leaves [6]; and
exosome-like vesicles (ELVs) from fruit juices such as grape [7]
and grapefruit [8]. Several studies have demonstrated that the
complexity of the dynamic events occurs along the endosomal traf-
ficking pathways [9], and emerging data supports the multivesicu-
lar body-mediated secretion mechanism of apoplastic vesicles in
plant cells [3, 10]. Much investigation remains to be done to
understand whether and how extramural plant vesicles participate
in intercellular communication and plant defence. In contrast to
the mammalian EVs, there is only limited information available
about the bio-cargo of plant-derived nanoparticles. Purification of
EVs is an essential first step not only for the structural analysis of
EV molecular constituents but also for downstream biological and
clinical applications.

Isolation of EVs is based on their specific physical and chemical
properties such as size, morphology, buoyant density, charge, solu-
bility, surface protein, and membrane lipid compositions.
Centrifugation, filtration, precipitation, and chromatography-
based separation techniques are used to isolate mammalian EVs.
Most of the reported studies on plant-derived vesicles [5, 6] have
used the differential centrifugation (DC) procedure. DC-based
purification of EVs involves a series of low-velocity centrifugation
steps followed by a single high-velocity ultracentrifugation step.
The pellet at the end of the high-velocity centrifugation is the
crude EV sample used for further analysis. DC purified samples can
contain a heterogeneous population of vesicles and often with co-
purified impurities. In order to purify vesicles with narrower par-
ticle size distribution and at an increased level of purity, after DC,
the crude EV sample can be subjected to a density-gradient cen-
trifugation (DGC) step. DGC separates mixture of particles based
on their buoyant density. In DGC, the sample is generally layered
on the top of a gradient material having a progressively increasing
density. Vesicles with different buoyant densities distribute them-
selves into bands which occupy different positions in the gradient.
Conventional gradient ultracentrifugation uses high salt concen-
tration and subsequent purification step(s) to eliminate them. The
high salt concentration can affect negatively the integrity of the
vesicles and also their biological activities. Therefore, for EV sepa-
ration sucrose or iodixanol (OptiPrep™) is the most frequently
used gradient materials. There are two basic ways to perform DGC
according to the means of preparation of the gradient: continuous
and stepwise (discontinuous) gradient centrifugations. Linear
sucrose gradient has been used, for example, in the purification of
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clathrin-coated vesicles and mammalian EVs at high purity. One of
the most critical points of continuous DGC is the reproducible
preparation of the linear sucrose gradient. Stepwise gradient ultra-
centrifugation, on the other hand, has been used for the isolation
of EVs from cell culture supernatant, and more recently, to isolate
grapes and grapefruit juice derived ELVs using 8, 30, 45, and 60 %
sucrose solutions [7, 8].

Here, we describe a protocol which applies a sucrose double-
cushion centrifugation to concentrate vesicles with discrete buoyant
densities into two fractions (Fig. 1). The protocol uses sucrose/

Sample
preparation: C.
clementina
juice

Differential
centrifugation

Sucrose/D20
cushion
centrifugation:
2 discret
vesicles
populations

Pelleting: 1 M
and2 M
fractions

Fig. 1 The main steps of the isolation of ELVs from fruit juice: (a) preparation of
the fruit juice, (b) differential centrifugation including a series of low velocity and
one ultracentrifugation steps, (¢) gradient centrifugation on sucrose/D,0 double-
cushion, and (d) washing steps
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deuterium oxide (D,0) gradient material which has been shown to
improve particle separation. Swinging bucket rotor is used for the
centrifugation and the gradient is formed by itself avoiding the
gradient preparation. It has been used to separate nucleus and dif-
ferent lipoprotein fractions, and also in estrogen receptor purifica-
tion. A similar method has been described for the successful
isolation of urinary EVs for subsequent quantitative proteomics
studies [11, 12]. The method described here has been imple-
mented for the successful extraction and purification of ELVs from
different fruit juices, such as clementine, grapes, coconut water,
and feijoa. The yields in terms of ELV-related protein concentra-
tion measured after the procedure in the two fractions were as fol-
low: 20 pg proteins in 1 mL of starting clementine juice in the 1 M
fraction (lower density vesicle population) and 4 pg proteins in
1 mL of starting juice in the 2 M fraction (higher density vesicle
population). Depending on the starting material the final protein
yield however can considerably difter. The protocol can be used to
isolate vesicles from apoplastic fluids too. Apoplastic fluid can be
prepared from different plant tissues, like leaf [4, 6], roots, and
seeds [5] by methods based on a vacuum infiltration and centrifu-
gation procedure [13].

2 Materials

2.1 Reagents
and Solutions

Prepare all solutions using ultrapure water (18 MQ cm conductiv-
ity and 2 ppb Total Organic Carbon at 25 °C) and analytical or
better grade reagents.

1. Proteinase inhibitor cocktail: 1 M sodium azide, 100 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mM leupeptin. Store
stock solutions at 4 °C up to 2 months.
To prepare the inhibitor cocktail add 1.67 mL 1 M Sodium
Azide, 2.5 mL of 100 mM PMSF, and 0.5 mL of 1 mM leu-
peptin stock solutions and mix well (this volume should be
sufficient for 500 mL of sample). Prepare the cocktail just
before use (see Note 1).

2. PBS: Phosphate Buffered Saline: 137 mM NaCl, 2.7 mM KCl,
and 10 mM phosphate buffer solution (pH 7.4 at 25 °C).

3. 1 M Tris—HCl buffer pH 8.6.
Filter by 0.22 pm syringe filter. Store at 4 °C up to 2 months.
To prepare 20 mM Tris—HCI dilute the 1 M Tris-HCI stock
50 times.

4. 1 M Tris—HCI/D,0 stock solution: 1 M Tris base, D,O.
Dissolve Tris in 40 mL of D,0O and mix well, pH is usually at
9.0. Adjust pH to 8.6 with 1 N HCI and bring final volume to
50 mL with D,O and filter by 0.22 pm syringe filter. Store at
4 °C up to 2 months (see Note 2).
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. 1 M sucrose-20 mM Tris—HCl/D,0O: add 1 M Tris—HCl/D,0O

stock solution to 2.05 g sucrose in a tube and bring the final
volume to 6 mL with D,0. Prepare fresh just before use.

. 2 M sucrose-20 mM Tris—-HCl/D,0: add 1 M Tris—HCIl/D,O

stock solution to 2.73 g sucrose in a tube and bring the final
volume to 4 mL with D,0. Prepare fresh just before use.

. Plastic laboratory container.
. Ceramic knife.

. Clear glass bottles.

. Manual juice squeezer.

. Whatman filter papers.

. Filter funnel.

. Disposable, sterile, vacuum operated bottle-top filtration system

with 0.45 pm membrane filter.

. pH Meter.

. High precision analytical weighting balance.
10.
11.
12.
13.

Vortex.
Micropipettes.
Magnetic stirrer.

Benchtop centrifuge or floor-standing centrifuge with fixed
angle rotor capable of reaching 15,000 x 4 centrifugal force.

50 mL conical centrifuge tubes.

Ultracentrifuge. Beckman Optima L-XP series ultracentrifuge
was used with 70 Ti fixed angle rotor and SW-28 Ti swinging
bucket rotor with appropriately sized polycarbonate and
polyallomer tubes.

Forceps.

0.22 pm syringe filter.

10 mL syringes fitted with extension tubes.
Retort stand.

Syringe pump.

18-G needle.

Water proof marker.

Refrigerator.

3 Methods

3.1 Sample
Preparation

The method describes the preparation of fruit juice sample for sub-
sequent ELV isolation protocol. Fruit juice can easily be obtained
from all citrus fruits, like C. maxima (pomelo), C. limon (lemon),
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3.2 Differential
Centrifugation

C. sinensis (sweet orange), C. reticulata (mandarin), and C. clem-
entina (clementine). In this protocol we started about 1 kg of cit-
rus fresh fruit to obtain 250 mL of fruit juice. Other than citrus
fruits, fruits like coconut or grapes can also be used, though the
preparation of the juice and the quantity of the juice obtained from
different fruits can be different. Apoplastic fluids can also be used
as a starting material for the isolation of a special class of EVs from
plants (i.e., apoplastic vesicles). Recently, Joosten et al. have
described a protocol using vacuum infiltration-centrifugation for
the purification of apoplastic fluid [13]. In the case of purification
of apoplastic vesicles from apoplastic fluid, the procedure starts
directly at step 5 of Subheading 3.1. The volume of sample
required depends on the nature of the plant material used for the
preparation of the apoplastic fluid and the concentration of apo-
plastic vesicles in the sample.

1. Place fresh fruit in a clean plastic laboratory container and gen-
tly rinse in cold running tap water for 5 min to remove dirt.
Repeat this step twice and allow the fruit to air dry.

2. Peel off the outer protective layer (exocarp) of the fruit.

3. Cut the fruit in half vertically using a clean knife and slowly
squeeze the juice using a hand juice squeezer. Discard the left-
over albedo and pulp and transfer the juice into a clean glass
bottle. Repeat this step until the required volume of juice (in
our protocol 250 mL) is obtained. The squeezing should be
done as slowly as possible (see Note 3).

4. Dilute the sample using PBS to 500 mL final volume and add
immediately the protease inhibitor cocktail.

5. Filter the sample by gravity filtration through a Whatman fil-
ter paper placed on a filter funnel and collect the filtrate in a
clean glass laboratory bottle. This process can be slow and
the filters have to be changed regularly (se¢e Note 4) Discard
the pellet.

6. Filter the sample obtained in step 5 using a disposable, sterile,
vacuum operated bottle-top filtration system with 0.45 pm
pore sizes membrane microfilter. Discard the pellet.

7. Measure the pH of the filtrate using a pH meter. Adjust the pH
of the sample using 1 M Tris—HCI (pH 8.6) bufter (see Note 5).
Use the filtrate in the subsequent purification Subheading 3.2.1.

The first step in the isolation of distinct subpopulations of plant ELVs
is DC. DC involves a series of low-velocity centrifugations which is
performed at room temperature followed by a high-velocity ultracen-
trifugation at 4 °C. The setup of the DC procedure is time-consum-
ing and labor-intensive, and changes in the various experimental
parameters (rotor type, centrifugal force, time, temperature, etc.)
can alter the yield and the quality of the sample. After the procedure,
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the resulting high-velocity centrifugation pellet can be stored at 4 °C
or solubilized for the second step of the ELVs purification as described
under Subheading 3.3.

1.

Transfer the filtrate into 50 mL conical centrifuge tubes
(see Note 6). For 500 mL of sample ten tubes are required.
Centrifuge at 400xy4 for 20 min to remove cells and other
large debris. Any benchtop low-velocity centrifuge that can
accommodate conical centrifuge tubes of the required volume
can be used.

. Carefully transfer the supernatant to a clean 50 mL conical

centrifuge tube (see Note 7) and discard the pellet.

. Centrifuge at 800 x g4 for 20 min to remove cellular debris. Any

benchtop low-velocity centrifuge that can accommodate coni-
cal centrifuge tubes of the required volume can be used.

. Carefully transfer the supernatant into a 36 mL polyallomer

tube with screw tap. Using a waterproof marker, mark one side
of each centrifuge tube and carefully place the tubes into the
rotor in such a way that the mark is facing out as a reference to
where the pellet will be following centrifugation.

. Centrifuge at 15,000 x4 for 20 min to remove cellular debris.

A centrifuge with fixed angle rotor is used. Collect the super-
natant (see Notes 8 and 9).

. Place the resulting supernatant from step 5 into clean polycar-

bonate ultracentrifuge tube. Sign the tube as mentioned in
step 4 and proceed to the high-velocity centrifugation in
Subheading 3.2.2.

. Progressing from step 6 of Subheading 3.2.1, centrifuge the

supernatant in the labeled polycarbonate ultracentrifuge tube
at 200,000 x g for 60 min at 4 °C to pellet the crude ELV frac-
tion. Beckman Optima L-XP ultracentrifuge with 70 Ti fixed
angle rotor is used (see Notes 10 and 11).

. Carefully discard the supernatant without disturbing the pel-

let. Continue this step and repellet a fresh sample into the same
tubes. Considering a starting volume of 500 mL, the 26.3 mL
volume of polycarbonate tube and that the rotor can accom-
modate eight tubes for one run (corresponding to a total vol-
ume of 210.4 mL), repelleting will occur 2-3 times into the
same tube. The resulting pellet contains the crude ELVs
enriched fraction (see Note 12) which can be used for biologi-
cal and structural analysis but note that the quality of this frac-
tion is usually not suitable for “omics” studies.

. Resuspend the pellet in a small volume of 20 mM Tris (pH 8.6)

(see Note 13), vortex rigorously for at least 10 min in order
break all aggregation, and obtain a suspension of primary par-
ticles. At this step, the sample can be left overnight at 4 °C.
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3.3 Double-Cushion
Ultracentrifugation
for the Separation

of Different
Subpopulations
of ELVs

4. Transfer the sample into a polyallomer tube with screw cap and

bring the sample to a volume of 28 mL with 20 mM Tris
(pH 8.6). Vortex rigorously and leave the sample on ice for 1 h.

. Centrifuge at 15,000 x g for 20 min at 4 °C. A centrifuge with

fixed angle rotor is used. This low-velocity centrifugation step
resulted in improving the quality of the preparation by remov-
ing aggregates and other insoluble impurities. Discard the
pellet.

. Carefully transfer the supernatant to a polyallomer ultracentri-

fuge tube (se¢ Note 10) and proceed to the second purification
and separation step of ELVs.

This protocol uses discontinuous sucrose /deuterium oxide (D,O)
density cushions. D,O has a distinct density but chemically similar
to water.

1. Sucrose double-cushion is prepared by the under-layering

method (see Note 14). The protocol uses the sucrose/D,O
gradient material in two different concentrations (densities), 1
and 2 M (see Note 15). First, progressing from step 6 of
Subheading 3.2.2, the polyallomer tube containing 28 mL of
sample is held upright in a tube stand. A 10 mL syringe fitted
with an extension tube is filled with 1 M sucrose/D,0 solu-
tion and placed on a syringe pump. Care is taken to avoid air
bubbles and the tube is inserted into the sample down to the
bottom of the centrifuge tube. 5.2 mL of 1 M Sucrose/D,0 is
layered by syringe pump using a velocity about 1 mL/min.
After loading, gently take the tube out, fill the syringe with
2 M sucrose/D,0 and layer 3.5 mL (se¢e Note 16). Once the
sucrose /D,0O cushions are layered discrete interfaces should be
visible. Mark the layers and balance the tubes (se¢ Notes 10, 11,
and 17). The ultracentrifuge tube filled up with samples should
be handled and loaded into the rotor very carefully.

. The sample is centrifuged using Beckman Optima L-XP ultra-

centrifuge with SW 28 Ti swinging bucket rotor at 110,000 x g
for 3 h at 4 °C (sec Note 18).

. Immediately after the run the tubes containing the samples

should be carefully removed from the rotor taking great care not
to disturb the layers of sucrose. Cloudy band(s) will be visible.
For fraction collection the tube should be held steady and upright
by a clamp stand. A tiny hole should be introduced into the very
bottom of the tube using a fine needle. The hole should be just
big enough to allow the sucrose solution to drip out at approxi-
mately one drop per second. Fractions of 1 M sucrose,/D,0O and
2 M sucrose/D,0O are collected in labeled polyallomer ultracen-
trifuge tubes and the soluble fraction is collected in a 50 mL
conical centrifuge tube (se¢ Notes 19 and 20).

. Add 35 mL of 20 mM Tris (pH 8.6) to the 1 M sucrose/D,0O

and 2 M sucrose /D,0 fractions and centrifuge at 110,000 x g
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for 1 h at 4 °C to pellet the vesicles. The Beckman Optima
L-XP ultracentrifuge with SW 28 Ti swinging bucket rotor is
used (see Notes 10 and 11). This step is necessary to remove
sucrose and D,0 from the sample (see Note 21).

. Repeat step 4 with the 1 and 2 M pellets obtained in step 4.

Carefully remove the supernatant. The two pellets contain the
two distinct vesicle fractions.

. The two pellets containing the two distinct vesicle fractions

can be used for downstream analysis or alternatively conserved
as they are at -20 °C.

. For downstream analysis like physiochemical characterization

(transmission electron microscopy, particle size determination)
determination of the protein concentration, lipid analysis, ves-
icle lysis, RNA and protein profiling, etc. resuspend the pellet
in a small volume (typically 50-100 pL) of Tris-HCI pH 8.6 or
other solution/buffer preferred for the analysis.

4 Notes

. The lipid bilayer surrounding the exosome-like vesicles protects

their cargo from extracellular and extravesicular enzymes. But
that is not the case with the outer surface proteins of the vesicles.
To protect them from the enzymatic hydrolysis of proteases, it is
advisable the use of proteases inhibitors during the preparation.
Fruits contain different proteases in different amounts. Ready to
use protease inhibitor cocktail for plant cell and tissue extract can
be obtained from a number of typical biochemical suppliers.

. D,O can be purchased from typical chemical vendors at 99.8

atom%D purity, which is suitable for these protocols.

. Once the juice is extracted from the fruits, it is important to

add the protease inhibitors and to proceed to exosome-like
vesicles isolation immediately.

. To speed up the filtration process gravity filtration can be

replaced by vacuum filtration.

. Universal pH paper can also be used to measure the pH of the

filtrate. Other buffer solutions used in molecular biology or
general biochemistry applications can also be used to keep the
pH of the sample above 7. After buffering the sample should
be checked for possible precipitation.

. Depending on sample volume smaller or bigger conical centrifuge

tube can also be used.

. For some samples where heavy sedimentation is observed, it is

recommended to repeat the initial centrifugation steps.

. Attention must be paid while removing supernatant after

centrifugation as sometimes the pellet is not tight and may
contaminate the sample during decantation.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The pellet after the 15,000 x g centrifugation step can be
collected and used as a crude microvesicle enriched sample for
subsequent biological assays and/or analytical and structural
studies.

Always balance the ultracentrifuge tubes within a mass difference
of +1 mg.

For the selection of the ultracentrifuge tube and rotor consult
https: //www.beckmancoulter.com /wsrportal /wsr/research-
and-discovery/products-and-services/centrifugation /tubes-
and-adapters/index.htm.

The appearance of the pellet obtained after the high-velocity
centrifugation depends on the starting material used. Pellet
can be very small and translucent.

The volume of buffer used in this stem depends on the volume
of the pellet. Add enough bufter to cover the pellet.

The layering is performed by under-layer, i.c., placing the
sample solution first followed by the 1 M sucrose/D,0 and
then the 2 M sucrose/D,O cushions loading always from the
bottom of the tube until filling the tube entirely. Under-layer
the samples with double-cushion should be done precisely and
quickly. Pay attention not to mix the layers. Over-layering
method can also be used in this step. In the over-layering
method, a fixed volume of the 2 M cushion is taken at the
bottom followed by a gentle pipetting of 1 M cushion and
the sample.

To our experience nano-sized vesicles usually float in the upper
part ofthe 1 M sucrose cushion which has densities of1.1270 g/
mL. The 2 M sucrose cushion has a density of 1.2575 g/mL
and usually bands bigger vesicles. The concentration of sucrose
used in the cushion can be modified according to the density
and particle size characterizing the vesicle population(s) aimed
to be isolated.

The high viscosity of 2 M sucrose solution could cause loading
difficulties into the syringe. Load the syringe from the top in
order to avoid loading difficulties.

Use a solution containing table sugar for the balance tubes.

Higher velocity and longer time centrifugation can also be applied.
However, these changes may influence the purification yield.

Prepare and label the different tubes for fraction collection
before the piercing of the tube.

Collection of the fractions, especially if visible bands are observed,
can be done also by piercing the ultracentrifuge tube from the
side just at the lower layer of the band(s) using a syringe.


https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-and-services/centrifugation/tubes-and-adapters/index.htm
https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-and-services/centrifugation/tubes-and-adapters/index.htm
https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-and-services/centrifugation/tubes-and-adapters/index.htm
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21. Exosome-like vesicle pellets are often so small that they are
not visible to the naked eye. However from the marking you
have placed on the ultracentrifuge tube, you will know where
the small pellet will have formed and so progress accordingly

with care.
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