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“Nothing in life is to be feared, it is only to be understood. Now is the time

to understand more, so that we may fear less”.

Marie Curie
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Abstract

ABSTRACT

At the neuromuscular junction (NMJ) synapse, several signaling pathways
coordinate pre-, post-synaptic responses and associated glial cells. The relation
between these signaling pathways modulates the pool of synaptic vesicles leading
to neurotransmission. Moreover, PKC phosphorylates several molecules of
synaptic vesicle exocytotic apparatus responsible to the regulation of
neurotransmitter release. Munc18-1 and SNAP-25 are two PKC substrates that
play a key role in the exocytotic machinery. In addition, PKC is modulated by
presynaptic and postsynaptic activity in skeletal muscles. Nevertheless, it is still
unknown which PKC regulates these key molecules in the NMJ. cPKCBI and nPKCe
are exclusively located at the nerve terminal of the NMJ and are regulated by
synaptic activity. In addition, muscle contraction through BDNF/TrkB has an
important impact on these PKC isoforms. Therefore, this thesis is aimed to
determine the expression, location and regulation by the PKC-activators calcium
and phorbol esters (PMA) of Munc18-1 and SNAP-25 and their phosphorylated
forms in the skeletal muscle. Also, to study whether Munc18-1 and SNAP-25
phosphorylation are affected by (1) synaptic activity and muscle contraction per
se; and (2) nPKCe, cPKCBI and BDNF/TrkB signaling in a neuromuscular activity-

dependent manner.

Main results, obtained by Western blot analysis and confocal microscopy,
show that Munc18-1 and SNAP-25 are expressed and phosphorylated in basal
conditions in the skeletal muscle, predominantly in the membrane fraction, with
Munc18-1 being located at the nerve terminal. Muncl8-1 and SNAP-25
phosphorylation are modulated by calcium, PMA, synaptic activity and enhanced
by nPKCe. Otherwise, cPKCBI and BDNF/TrkB signaling pathway regulates Munc18-
1 but not SNAP-25 phosphorylation. Finally, muscle contraction downregulates

these proteins to reach a basal state.

In conclusion, these results provide a mechanistic insight into how Munc18-
1 and SNAP-25 phosphorylation is regulated to achieve the extraordinary precision

and plasticity of neurotransmission.
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Abstract

RESUM

A la sinapsis de la unié neuromuscular (NM)J), diverses vies de senyalitzacié
coordinen les respostes pre-/postsinaptiques i les cel-lules glials associades. La
relacié entre aquestes vies modula les vesicules sinaptiques que regulen la
neurotransmissid. A més, la PKC fosforila diverses molécules de I'aparell exocitotic
responsable d'aquesta regulacié. Munc18-1 i SNAP-25 sén substrats de PKC que
juguen un paper clau en la maquinaria exocitotica. A més, la PKC esta modulada
per l'activitat pre-/postsinaptica al muscul esquelétic. No obstant aix0, encara es
desconeix quines isoformes de PKC regulen aquestes molécules clau en la NMJ.
cPKCBI i nPKCe es troben exclusivament en el terminal nervids de la NMJ i estan
regulades per l'activitat sinaptica. A més, la contraccié muscular a través de
BDNF/TrkB té un impacte important en aquestes isoformes. Amb tot, I'objectiu
d’aquesta tesi és determinar I'expressio, localitzacid i regulacid pels activadors de
PKC calci i esters de forbol (PMA) de Munc18-1i SNAP-25 i la seva fosforilacié en el
muscul esquelétic. A més, estudiar si aquestes fosforilacions estan afectades per
(1) activitat sinaptica i contraccié muscular per se; i (2) nPKCe, cPKCBI i la

senyalitzacio BDNF/TrkB de manera dependent d’activitat neuromuscular.

Els principals resultats, obtinguts mitjangant analisi Western blot i
microscopia confocal, mostren que Munc18-1 i SNAP-25 s'expressen i fosforilen en
condicions basals en el muscul esqueletic, predominantment a la fraccio
membrana, essent Munc18-1 localitzat al terminal nervids. La fosforilacio de
Munc18-1 i SNAP-25 és modulada per calci, PMA, activitat sinaptica i és
promoguda per nPKCe. D’altra banda, cPKCpI i la senyalitzacié BDNF/TrkB regulen
la fosforilaci6 de Muncl18-1 pero no la de SNAP-25. Finalment, la contraccid

muscular regula negativament aquestes proteines per assolir un estat basal.

En conclusid, aquests resultats proporcionen una visi® mecanica de com
Munc18-1 i SNAP-25 es regulen per aconseguir |'extraordinaria precisio i plasticitat

de la neurotransmissio.
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Abstract

RESUMEN

En la sinapsis de la uniéon neuromuscular (NMJ), varias vias de sefializacién
coordinan las respuestas pre-/postsinapticas y las células gliales asociadas. La
relacion entre estas vias modula las vesiculas sinapticas que regulan la
neurotransmisién. Ademds, la PKC, modulada por actividad presindptica y
postsindptica en el musculo esquelético, fosforila varias moléculas del aparato
exocitético responsable de esta regulacion. Munc18-1 y SNAP-25 son sustratos de
PKC que juegan un papel clave en la maquinaria exocitética. Sin embargo, todavia
se desconoce qué isoforma de PKC regula estas moléculas clave en la NMJ. cPKCBI
y nPKCe se encuentran exclusivamente en el terminal nervioso de la NMJ y estan
reguladas por actividad sinaptica. Ademas, la contraccién muscular a través de
BDNF/TrkB tiene un impacto importante en estas isoformas. Asi mismo, el objetivo
de esta tesis es determinar la expresion, localizacién y la influencia de los
activadores de PKC calcio y ésteres de forbol (PMA) de Munc18-1 y SNAP-25 y su
fosforilacion en el musculo esquelético. Ademas, estudiar si dichas fosforilaciones
estan afectadas por (1) actividad sindptica y contraccion muscular per se; y (2)
nPKCe, cPKCBI y la sefializacion BDNF/TrkB de manera dependiente de actividad

neuromuscular.

Los principales resultados, obtenidos mediante andlisis Western blot y
microscopia confocal, muestran que Muncl18-1y SNAP-25 se expresan y fosforilan
en condiciones basales en el musculo esquelético, predominantemente en la
fraccion membrana, localizandose Muncl8-1 en el terminal nervioso. La
fosforilacion de Munc18-1 y SNAP-25 se modula por calcio, PMA, actividad
sindptica y es promovida por nPKCe. Por otra parte, cPKCBI y la sefializacidon
BDNF/TrkB regulan la fosforilacion de Munc18-1 pero no de SNAP-25. Finalmente,
la contraccion muscular regula negativamente estas proteinas hacia un estado

basal.

En conclusidn, estos resultados proporcionan una visién mecanica de cémo
Munc18-1 y SNAP-25 se regulan para lograr la extraordinaria precision vy

plasticidad de la neurotransmision.
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1. NEUROMUSCULAR JUNCTION AS A MODEL OF CHEMICAL SYNAPSES

The nervous system relies on the transmission of electrically or chemically
encoded information, which propagates along an axon and is encoded as rapid
changes of the membrane potential (action potentials, APs), through the synapses.
In the nervous system, there are two major types of synaptic connections, the
electrical and the chemical synapses. Although electrical synapses play several
important roles in the nervous system, allowing the passive and direct flow of
electrical current from one to another neuron, chemical synapses are far more

numerous and provide the bulk of synaptic transmission.

Chemical synapses are specialized cell-to-cell junctions where nerve
impulse is transmitted in one direction, from one neuron to another or from one
neuron to a non-neuronal cell such as those in muscles or glands. Chemical
synapses are made up of two domains or components: the presynaptic domain
and the postsynaptic domain separated by an ultra-thin region known as the
synaptic cleft (Palay and Palade, 1955). At such synapses, AP signal triggers the
transmission mediated by neurotransmitters (NTs) that are rapidly secreted into
the synaptic cleft from the presynaptic terminal to the postsynaptic cell (Burns and
Augustine, 1995). Proteins in the presynaptic domain are geared towards the
synthesis, storage and release of NT through synaptic vesicles (SVs) (Becherer and
Rettig, 2006); while proteins in the postsynaptic domain are mainly oriented to
detect and respond to the presence of NT (Kim and Sheng 2004). The presynaptic
domain contains hundreds of SVs, early endosomal structures and other
organelles (Stidhof, 2004). Under electron microscopy, these SVs can be observed
as small (40-50nm) electron dense rings which appear in clusters (Bodian, 1970;
Sudhof, 2004). Presynaptic domain is limited by the plasma membrane (PM) of the
motoneuron (MN) in the nerve terminal; at the same time, the PM of the
postsynaptic cell encloses the postsynaptic domain. Both are in close opposition to

each other and separated by the synaptic cleft. The presynaptic PM has electron
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dense bands named active zones (AZ) (Ahmari and Buchanan 2000), which have a
high density of proteins that bind SVs to the presynaptic membrane to mediate
synaptic vesicle fusion, allowing NTs to be released reliably and rapidly when an
AP arrives. The AZs are in close opposition to another electron dense structure,
the post synaptic density, bound to postsynaptic membrane, it contains receptors
and kinases specialized in transducing signals received from the presynaptic

domain (MacGillavry et al. 2011).

Neuromuscular junction (NMJ) is a specific peripheral tripartite synapse
between motor nerve terminals, skeletal muscle fibers and terminal Schwann cells
(tSCs) that cover the nerve-muscle contact. This kind of synapse is relatively simple
and accessible to experimentation (Sanes and Lichtman, 2001). Much of the
current understanding of the synaptic organization derives from studies of the
vertebrate skeletal NMJ, which has a number of experimentally advantageous
features. These include large size, relative isolation, robust transmission and
possibility of accurate regeneration following injury (Patton 2003). Moreover, it is
affected by several inherited and acquired neurological diseases (Kandel et al.
2012), being an ideal target to study and contribute to find new therapies related

to muscular diseases.

The adult vertebrate skeletal NMJ has served as a model of the first
rigorous scientific study where the chemical synaptic transmission was
demonstrated (Dale et al. 1936). Soon thereafter, this synapse was used to show
that the release of its NT, acetylcholine (ACh), is quantal and vesicular (Katz, 1996).
Subsequently, the first NT receptor to be purified and then molecularly cloned was
the nicotinic acetylcholine receptor (nAChR) (Duclert and Changeux, 1995). Since
then, the NMJ has served as a model from which has emerged much of our

understanding of the fundamental nature of synaptic transmission (Katz, 1996).

The NMJ is a highly specialized cholinergic synapse, allowing the signaling
between muscle fiber and nerve cell, necessary for skeletal muscle function

(Campanari et al., 2016). NMIs efficiently convert the electrical impulses of the
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MNs into APs in the juxtaposed muscle fiber, a process that depends on (1) the
release of large quantities of ACh molecules by the presynaptic MN as well as (2)
the density of nAChRs clustering on the postsynaptic muscle membrane (Ogata,

1988; Slater, 2008; Zong and lJin, 2013).

Abnormalities in NMJ formation, maintenance, or function result in
neurological disorders, including myasthenia gravis and related disorders (Keesey,
2004), congenital myasthenic syndromes (CMSs), (Engel et al. 2003), and MN
diseases such as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy
(SMA) (Murray et al. 2010). Therefore, a greater knowledge of the molecular
mechanisms underlying the structure and function of NMJ will potentially

contribute to the development of targeted therapeutic approaches.

The NMJ is composed by three different cell types: motoneuron, muscle
fiber and Schwann cell (Ogata, 1988) (Figure 1). At the same time, it is possible to
distinguish between pre- and postsynaptic component, the space between both

and the glial cell:

1. Presynaptic component: composed by the nerve terminal of the nerve
fiber. It is responsible for the synthesis, storage and release of
acetylcholine (ACh).

2. Synaptic cleft: is the space between pre- and postsynaptic membrane. It
contains the synaptic basal lamina (BL) and is where ACh is released.

3. Postsynaptic component: composed by skeletal muscle fiber. It contains a
high density of acetylcholine receptors (AChRs) and other molecules

important for the function, establishment and maintenance of the NMJ.
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4. Glial cell: the terminal Schwann cells (tSCs) which cover the nerve-muscle
junction are directly involved in the regulation of neuronal activity and

synaptic transmission (Castonguay et al. 2001).

W
Myelin
Presynaptic Schwani ., Axon terminal
component i

Sarcolemma
Synaptic cleft

Postsynaptic
component

Figure 1. Neuromuscular junction structure. Cross-section diagram showing the three cell
types of NMJ. The presynaptic component is composed (in brown) by the axon terminal of
the motor nerve fiber, where active zones (in purple) and synaptic vesicles containing ACh
(in green) are located. Surrounding the motor nerve and axon terminal are the Schwann
cells (myelinogenic Schwann cell and the terminal Schwann cell respectively). The synaptic
cleft is depicted by a space between the axon terminal and the synaptic folds of the muscle
cell, and contains the basal lamina (in yellow). The postsynaptic component is composed by
the muscle cell, where are located the nicotinic acetylcholine receptors (in blue). Adapted
from McGraw Hill Companies.

2.1. Presynaptic component

The motoneuron is an excitable cell that has the property of responding to
a stimulus by modifying its membrane potential. The MN is composed of a cellular
body located at the ventral horn of the spinal cord and a long axon that projects to

the peripheral nervous system (PNS) and innervates the muscle fiber. In mammals,
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the axon ramifies intramuscularly in collateral axons, each of them form a nerve
terminal that contacts a unique muscle fiber. Therefore, the presynaptic
component of the NMJ corresponds to the nerve terminal of a MN. Nerve
terminals are thin (approximately 2 um), unmyelinated and split up into several

Iu

small “twigs” when contacting a muscle fiber. The entire structure of nerve

terminal branches is called motor endplate and covered by one or more tSCs.

Each MN and the entire set of muscle fibers that it innervates is called
motor unit (Hirsch, 2007). To innervate a muscle, several motor units work
together. The size of motor units and MN can differ from on muscle to another.
The MN can be small, intermediate or large. Small MN innervate fewer muscle
fibers and generate small forces while larger ones innervate more muscular fibers

and generate more powerful forces.

The function of a nerve terminal is to convey the signals sent from the
cellular body of the MN to the muscle fiber. These signals are propagated along
the axon in form of electrical impulses. Axons transmit electrical signals over
distances ranging from 0.1 mm to 2 m. To increase the speed by which nerve
impulses are conducted, the axons of MNs are wrapped in an insulating sheath of
a lipid substance called myelin, formed by Schwann cells. This sheath is
interrupted at regular intervals by the nodes of Ranvier, separated spots on the
axon where the action potential is regenerated creating a saltatory conduction. In
addition, the nerve terminals receive from the axons a wide variety of chemical

messages, organelles and molecules through anterograde soma transport.

The motor nerve terminal comprises a cluster of several specialized
branches that contain high concentrations of SVs and proteins that regulate the
timing, location, and depolarization-dependence of vesicle fusion (Patton 2003).
At the synapse, almost all proteins are in some way associated with either the
release or subsequent detection of NT (Jessell and Kandel, 1993; Burns and
Augustine, 1995; Littleton and Bellen, 1995). To achieve that, neuromuscular

synapses in mature vertebrates use the excitatory transmitter ACh, which triggers
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muscle contraction. ACh is synthesized in motor nerve terminals from the
chemical precursor choline and acetyl coenzyme A and it is degraded, by
acetylcholinesterase (AChE), an enzyme that catalyzes the breakdown of ACh in
the synaptic cleft (Quinn, 1987). ACh at the NMJ is released in small packets of
thousands of ACh molecules, called quanta (Del Castillo and Katz, 1954). Each
quantum of transmitter is packaged into SVs which are one of the most
fundamental organelles involved in chemical neurotransmission (Heuser and
Reese, 1973; Sudhof, 2004). SVs are small lipid bilayer structures (about 50 nm),
with a spherical shape. They can release their content upon presynaptic calcium
ion (Ca%*) entry by fusion with the PM at AZs. Each presynaptic button is densely
packed with many vesicles, but only a small fraction of them are available for
immediate release (Kaeser and Regehr, 2017). The subsequent docking, fusion,
and release of NT (exocytosis) is a complex mechanism; the detail of which is the
focus of the introduction chapter of this thesis. SVs also contain other compounds,
such as adenosine triphosphate (ATP), which are co-released with ACh. Moreover,
because ACh exocytosis is an energy-consuming process, the nerve terminal is rich
in mitochondria in order to produce it when it is needed. A tightly controlled
composition of proteins and lipids ensures the reliable neurotransmission at
chemical synapses. Moreover, several proteins can be found in the membrane of
the nerve terminal. Some of the most important are muscarinic acetylcholine
receptors (mMAChR) (Arenson 1989; Caulfield 1993; Ganguly and Das 1979; Garcia
et al. 2010; Nadal et al. 2016, 2017; Santafé et al. 2006; Santafe et al. 2015),
purinergic receptors (Garcia et al. 2013; Oliveira et al. 2015) and neurotrophin
receptors such as Tropomyosin-related kinase receptor B (TrkB) (Hurtado et al.

2017a; Garcia et al. 2010; Gonzalez et al. 1999).

2.2. Synaptic cleft and basal lamina

Synaptic cleft is the space between pre- and postsynaptic membranes (50-
100 nm wide), through which a nerve impulse is transmitted by the release of ACh

(Wood and Slater, 2001) and it is occupied by a regular array of material of



UNIVERSITAT ROVIRA I VIRGILI
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI

A Simé 011é i
nna Simd é I. Introduction

moderate electron density. During development interactions occurring in the
synaptic cleft are needed for the formation of pre- and postsynaptic
specializations and therefore represent the starting point for signaling cascades
that lead to synapse formation and stabilization (Craig 1998; Sanes and Lichtman
1999). Moreover, synaptic cleft can mediate some aspects of retrograde signaling,
through which the activation of postsynaptic receptors may modulate the

efficiency of the presynaptic compartment (Kandel et al. 2012).

At the vertebrate NMJ, within the synaptic cleft, and surrounding each
nerve and muscle fiber, there are a thin layer called the basal lamina. It is
composed of collagen and other extracellular matrix proteins, approximately 50
nm-thick, that contribute to tissue architecture and stability, form filtration
barriers, and contain signaling molecules for cellular receptors (Patton 2003). In
the NMJ, BL is also important because it covers the postsynaptic primary and
secondary folds and allows contact with the opposing part of the synapse, the MN.
In addition, the BL contains functionally specialized domains that support and
regulate the specific cell types with which they come into contact. Thus, the
molecular components of the BL function collectively as both general mechanical

superstructure and specific cellular regulator (Patton 2000).

Associated with the synaptic portion of the BL are a number of proteins and
glycoproteins that are not present in non-synaptic regions. These proteins includes
AChE, laminin B2, which link the BL to the PM, agrin, AChR-inducing activity (ARIA),
which are involved in the formation of the NMJ, and neurotrophic substances like
fibroblast growth factor (FGF) (Falls et al., 1993; Sanes and Lichtman, 1999). Most
relevant protein to considerer is AChE, the enzyme that rapidly cleaves ACh, thus
limiting both the temporal and spatial extent of transmitter action (Wood and
Slater, 2001; Rotundo, 2003). The enzyme is secreted from the muscle but remains
attached to it by thin stalks of collagen fastened to the BL (Martyn et al. 2009). The

efficiency of AChE ensures that transmission is restricted to a short time window
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within an area near the transmitter release site, thus contributing to the temporal

and spatial precision of skeletal muscle control.

2.3. Postsynaptic component

The postsynaptic component of the NMJ is formed by the muscle fiber
membrane, which is called sarcolemma and is specialized to respond very quickly
to the arrival of ACh, the cytoplasm below and the synaptic nuclei. The
sarcolemma acts as a physical barrier against the external environment and

facilitates signaling to the fiber.

Usually, the nerve terminal forms the synaptic contact at the center of the
muscle fiber. Across the synaptic cleft, in the area where the contact takes place,
the muscle “endplate” surface forms a concavity named primary postsynaptic
membrane, or primary fold. This shallow primary fold in turn is invaginated to
form deeper folds, which increase the contact surface, called secondary folds (Liss
and Salpeter 1987). At the top of the secondary folds are high concentrations of
nAChRs in front of the nerve terminal. At the bottom of the secondary folds are
concentrated voltage-gated sodium channels (VGSCs). Underneath the endplate,
there are cytoskeleton fibers, microtubules and microfilaments, which maintain
the structure of the folds and keep the nAChRs anchored to the membrane on the
top of these. Secondary folds are unique to the NMJ and the high density of
receptors that they allow is thought to enhance the safety factor for
neurotransmission, which it refers to the ability of this to remain effective under
various physiological conditions and stresses (Patton 2003; Sanes and Lichtman

1999) (Figure 1).

The nAChRs belong to the cys-loop superfamily of ligand activated ion
channels that form pores or ionic channels. All members of this superfamily share
a common structure and function. The crests of the folds are very defensibly
packed with nAChRs at a density of about 10.000 receptors/um? (Salpeter and
Loring, 1985; Sine, 2012). Each nAChR is a protein comprised of five polypeptide



UNIVERSITAT ROVIRA I VIRGILI
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI

A Simé 011é i
nna Simd é I. Introduction

subunits surrounding a central, funnel-shaped pore, while on their synaptic
surface they provide the binding sites for ACh. The mature adult receptor has two
identical a subunits, one B, one & and one € subunit. In the absence of ACh, the
central pore remains impermeable to the flow of cations. The pore opens in
response to two molecules of ACh binding to the N-terminal domain of the
junctions of the subunits ad and ae promote the opening of the pore so that the
sodium can get inside the fiber and it becomes depolarized. This procedure ends

with a muscular contraction (Hirsch, 2007).

The aim of neuromuscular transmission is to cause muscle contraction. The
muscle fibers that make up muscles are highly specialized to generate mechanical
force under the control of the nervous system (Slater, 2008). A muscle fiber or
myocyte is a long and cylindrical multinucleated cell (approximately 1-2 um
diameter) that contains myofibrils. The myofibrils are in turn composed of actin
and myosin filaments. Muscle contraction results from the interaction between
these filaments. Muscle fibers are organized into distinct thin (actin) and thick
(myosin) filaments, corresponding to the light band (I-band) and dark band (A-
band), which are further organized into overlapping arrays, the sarcomeres (figure
2). The sarcomere, the smallest functional unit of muscle fiber, is responsible for
the striated appearance of skeletal muscle, and forms the basic machinery
necessary for muscle contraction. The border between two neighboring
sarcomeres is called the Z-line (also known as the Z-disc or Z-band). T-tubules are
invaginations from the sarcolemma that communicate this outer membrane with
the myocyte’s sarcoplasmic reticulum. These structures are typically located at the
junction overlap between the A and | bands of the sarcomere, and together with a
pair of terminal cisternae (bulbous enlarged areas of the sarcoplasmic reticulum)
form an arrangement called a triad (Padykula and Gauthier, 1970; Mitsui and

Ohshima, 2012).
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Figure 2. Longitudinal section of the basic organization of a sarcomere region. It shows of
overlapping and crossed-over filament arrays created to generate the relative slip force
between the filaments. Myosin (A-band) is represented in green, actin (I-band) in brown
and the z-line in blue.

A motor unit is the MN and fibers of the skeletal muscle that it innervates.
A single MN is able to innervate multiple muscle fibers, thereby causing the fibers
to contract at the same time. Once innervated, the protein filaments within each
skeletal muscle fiber slide past each other to produce a contraction. When AP
arrives, it produces the release of Ca?* influx. Then, actin filaments slide past
myosin filaments; myosin heads become attached to actin filaments and form the
protein complex actomyosin, which, thereby forms a cross-bridge between the
two filaments and induces muscle contraction (figure 2) (Huxley, 2004; Mitsui and

Ohshima, 2012).
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2.4. Glial component

Schwann cells (SCs) are glial cells of the PNS and are closely associated with
motoneurons. Further than only being passive supporters of the neurons, are
directly related with the nervous transmission function. SCs are derived from
neural crest cells, and come in two types either myelinating or non-myelinating
SCs. Both play a pivotal role in the maintenance and regeneration of axons of the
neurons in the PNS. In addition, they are related with the correct directionality of
the axons and also help in the elimination of products of waste (Bhatheja and
Field, 2006). Myelinating SCs (MSCs) are the most representative group and
enclose one axon of about 1 um of diameter and form myelin sheaths around, and
are abundant in the axons of neurons. MSCs contribute to increase transmission
velocity and improve stability of point-to-point connectivity decrease energy
consumption for impulse transmission (Griffin and Thompson, 2008). Moreover,
they are useful to avoid randomized polyinnervation due to the myelin sheaths
capacity of secretion of replication inhibitory compounds. Non-myelinating
Schwann Cells (NMSCs) are a minority and envelope several axons with a diameter

of about 0,5 um but do not recover them with myelin (Bhatheja and Field, 2006).

Terminal Schwann cells (tSCs) belongs NMSCs and are the glial cells of the
PNS which cover the motor nerve terminals in NMJs (Sanes and Lichtman, 1999).
There are especially important in the NMJ because they recover the terminal
button and isolate the synapses from the environment and provide nutritive
substances and an appropriate medium to the neuron cells. Although tSCs are
similar to NMSCs in that they do not form multiple myelin wrappings around nerve
terminals, they do wrap around single nerve terminals. TSCs plays a vital role in
the synaptic transmission at the PNS, promoting stability of the NMJ, and are
actively involved in modulating synaptic function (Auld and Robitaille 2003a,b;
Feng and Ko 2008). In addition, they promote synapse elimination during the
development process and synaptogenesis (Smith et al., 2013) and also help in the

recovery after the nerve injury (Kang et al. 2014).

11
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The electrical transmission in the nervous system occurs by the ability of a
neuron to elicit AP firing in the neighboring neuron (Lisman et al. 2007). Synaptic
transmission (or neurotransmission) is initiated when an AP triggers NT release
from a presynaptic nerve terminal. The depolarization of PM of nerve terminal
leads to Ca?* influx through voltage-gated calcium channels (Katz and Miledi,
1967). The rise in the presynaptic calcium concentration increases the probability
of SVs fusion with the PM at AZ and the subsequent vesicle exocytosis. Following
fusion, SVs expel their NT content which diffuse over the synaptic cleft and bind to
complementary ligand-gated ion channels at presynaptic cell, which transform the
chemical signal back into an electrical signal (Stidhof, 2004). To maintain the
activity and integrity of a synapse, membranes and proteins are recycled and SVs
are reacidified and refilled with NT (Stidhof, 2004; Jahn and Scheller, 2006) to
prepare them for a new round of exocytosis after arrival of another electrical

impulse.

In the case of NMJ, impulse transmission takes place in a saltatory way
along myelinated axons from one Ranvier node to the next. These involves the
rapid release of quanta of ACh from the nerve, the binding of the ACh to nAChRs in
the surface of the muscle fiber, the opening of those channels and the flow of
current into the muscle fiber leading to depolarization and opening of VGSCs

causing initiation of an AP and contraction of the muscle cell.

There are three primary modes of neurotransmitter release (Kaeser and

Regehr, 2014):

e Synchronous release occurs within several milliseconds after an AP invades
a presynaptic bouton. It is the main component in most synapses,
whereby more than 90% of quanta can be released at low-frequency

stimulation.
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e Asynchronous release persists for tens of milliseconds to tens of seconds
after an AP or series of APs.

e Spontaneous release occurs in the absence of presynaptic depolarization.

Neurons are electrically active by virtue of a potential difference that exists
across their PM (Hodgkin and Katz, 1949). This gradient is maintained through the
action of sodium/potassium ATPase (Na*/K*-ATPase) and unidirectional ion
channels (Rakowski et al. 1989). Through the action of Na*/K*-ATPase, neurons
contain a high intracellular concentration of potassium but a low intracellular
concentration of sodium. At rest, this (typically) keeps the neuron below the
threshold for firing APs, at -70 mV, but to start the neurotransmission a minimum
level of depolarization called threshold action potential must be achieved. For this
reason, changes in Na* and K" concentrations must be enough to throw the
potential up to usually between -50 and +40 mV (varies depending on the
situation and the stimuli). When the sodium channels open, the extracellular Na*
gets in the cell and depolarizes it. Then, the potassium channels impulse the K* out
of the cell and generate, this way, the repolarization. This procedure generates a
change in the polarity among inside and outside the neuron that starts at the
soma and travels by the axon until it reaches the nerve terminal. Once the AP
arrives, it causes the opening of the presynaptic voltage-gated calcium channels

(VGCCs) and provokes the Ca?* influx, which allows the neurotransmission.

Neurotransmission at the presynaptic terminal involves synaptic vesicle
exocytosis, endocytosis, and reuse of SVs. To enable these, apart from Ca?* influx
induced by depolarization, it is also necessary the SNARE (Soluble NSF Attachment
Protein Receptor) complex assembly, which implies a number of proteins, found in
the membranes and the cytoplasm of the nerve terminals of the MN. Moreover,
neurotransmission has to deal with the amount of NT available and, to obtain an
efficient response, postsynaptic receptors must be working correctly and so the

postsynaptic cell.
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Synaptic vesicles are the basic minimal units of membrane traffic in the
presynaptic terminal, with a spherical shape and small diameter about 40 nm. SVs
have been used as a classical example to illustrate the physico-chemical properties
of a membrane trafficking organelle. The membrane of a single SV is composed of
a large amount of phospholipid molecules, is enriched in cholesterol and
numerous transmembrane and membrane-associated proteins. Detailed analysis
of the protein composition of rat SVs revealed the presence of numerous integral
membrane proteins among which the SNARE family (SNARE where NSF stands for
N-ethylmaleimide-sensitive fusion protein, or factor) are the predominant proteins
(Takamori et al., 2006). The membrane constituents of the organelle are ultimately
responsible for orchestrating association of the complex, task execution, and
complex disassembly. SVs proteins can either be classified as transport proteins,
which are involved in NT uptake and storage, and as trafficking proteins involved
in membrane fusion (Sudhof, 2004). The most abundant SV trafficking proteins are
Synaptobrevin-2 (Syb-2), synaptophysin and synaptotagmin-1 (Sytl) (figure 3)
(Takamori et al., 2006; Wilhelm et al., 2014).
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Figure 3. The protein composition of an average synaptic vesicle. A) Scheme of the
structure and topology of the major synaptic vesicle (SV) membrane proteins. B) Molecular
model of an average synaptic vesicle. SV proteins are displayed at near atomic resolution.
SV surface is almost entirely covered with proteins. Source: Takamori et al., 2006.
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4.1. Synaptic vesicle pools

In a typical synapse at rest, a small percentage of vesicles are attached to
the AZs of the presynaptic membrane and the rest are distributed in nearby pools.
Although the SVs all look alike under the electron microscope and no significant
biochemical distinctions can be determined between them in a terminal at rest,
there are distinct pools of vesicles with distinct functional properties. SVs are
distributed in the presynaptic terminal in a specific way in order to favour their
utilization and reutilization during maintained stimuli. Depending on the position
where they are and the availability to be exocytated, vesicles can be classified in
three different groups: the readily releasable pool (RRP), the recycling pool and

the reserve/resting pool (Rizzoli and Betz, 2005; Alabi and Tsien, 2012).

o The readily releasable pool (RRP): This pool is constituted by vesicles which
are docked at the synaptic AZ, available for immediate release, although
not necessarily immediately releasable. This pool only constitutes about
1-5% of all vesicles and is the first to be released. For this reason, an
intense or repetitive stimulus can exhaust it.

e The recycling pool: These vesicles are released during moderate
(physiological) stimulation, and constitute about 5-20% of all vesicles.
Physiological frequencies of stimulation cause it to recycle continuously
and it is refilled by newly recycled vesicles, so that they can be used
repeatedly during sustained activity (Harata et al., 2001; Kuromi and
Kidokoro, 2003; Richards et al., 2003).

e The reserve/resting pool: These vesicles constitute about 80-90% of all
vesicles in most presynaptic terminals. It is defined as a depot of SVs from
which release is only triggered during intense stimulation. Interestingly, in
the NMJ, intense stimulation results in fusion of all the vesicles in the
terminal (Heuser and Reese, 1973), whereas in hippocampal neurons, a
substantial proportion of the vesicles remain unused, even during strong

nonphysiological stimulation. Both at central nervous system (CNS) and
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NMJ synapses only 1-5% of all vesicles are recycled (Denker et al., 2011).
Hence, the proportion the reserve pool vesicles that participate in
synaptic transmission is still a matter of debate and await further
investigations. It is possible that these vesicles are seldom or never

recruited during physiological activity.

The synaptic vesicle cycle resembles general membrane trafficking and can
be divided into three phases: synaptic vesicle filling, exocytosis, and recycling.
During filling, NTs are synthesized in the cytoplasm and are actively internalized
into SVs via vesicular NT transporters and form a cluster or a reserve pool in the
cytoplasm. Exocytosis of NT-filled SVs is a multistep pathway by which a SV fuses
with the PM and releases its contents into the synaptic cleft and is triggered by
calcium influx. After exocytosis, endocytosis recovers SVs from the PM and are
recycled and refilled with NTs for a new round of exocytosis (figure 4) (Heuser and

Reese 1973; Lisman et al. 2007; Sudhof 2004).

5.1. Vesicular filling of acetylcholine

NTs are synthesized in the neuronal cytosol and are stored at high
concentrations in the presynaptic nerve terminal into SVs by active transport,
driven by a vesicular ATPase proton pump whose activity establishes an
electrochemical gradient across the vesicle membrane. The neurotransmitter ACh
is synthesized by the enzyme choline acetyltransferase (ChAT) in the cytoplasm of
cholinergic neurons. Once synthetized, the vesicular acetylcholine transporter
(VAChT) is responsible for loaded the ACh into the SVs in the terminals. VAChT
works in coordination with another important enzyme, the vacuolar ATPase which
pumps protons inside the vesicles and generates the gradient of protons needed

to transport the ACh inside the vesicles (Gasnier, 2000; Stidhof, 2004).
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Figure 4. Synaptic vesicle cycle. Scheme of synaptic vesicle exocytosis and endocytic
pathway. NTs are synthetized and stored into SVs at the presynaptic nerve terminal. SVs
can form a reserve pool of NTs within the nerve terminal or bind to specialized sites of the
presynaptic membrane called AZs, where they dock and release takes place. Priming
involves all steps required to acquire fusion and release readiness of the exocytotic
complex. NT diffuses out of the nerve terminal and binds to a postsynaptic receptor, which
triggers signaling in the postsynaptic cell. In the case of the NMJ, ACh is released and binds
to the ACh receptor, which results in depolarization of the muscle PM, leading to Ca2* entry
and muscle contraction. During NT release, the lumen of the SV is transiently opened to the
outside, but it is later internalized into the nerve terminal by endocytosis. At the NMJ, SVs
are mainly endocyted by a clathrin coat. After clathrin uncoating, SVs are internalized and
regenerated through an endosomal intermediate. After that, SVs are refilled with NTs and
the next cycle begins. ACh: acetylcholine; AZ: active zone; NMJ: neuromuscular junction;
NT: neurotransmitter; PM: plasma membrane; SV: synaptic vesicle; Source: Rossetto et al.

2014.

5.2. Synaptic vesicle exocytosis

Exocytosis of NT-filled SVs is a multistep pathway. First, in order for SVs to
mediate the rapid release of NT they must be first translocated, docked and

primed at the AZs (Becherer and Rettig, 2006; Siksou et al., 2009). Then, when
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calcium influx triggers the fusion of the membranes from the SVs, there are well
placed to immediately NT release. This docked, primed and fusion of membrane is
mediated and regulated by SNARE proteins that constitutes the basic fusion
machinery (Brunger 2001; Chen and Scheller 2001) (Figure 4 and 5). SNARE
proteins undergo conformational changes during SV cycle with structural
interaction between SVs and the presynaptic membrane, leading the core complex
formation and driving fusion and the subsequent NT release. The Ca?* trigged NT
release at synapses is regulated by the Sec1/Munc18 (SM) protein Munc18-1, the
Syb-2, the Syntaxin-1A and SNAP-25 (synaptosome associated protein of 25-kDa
molecular weight). The release takes place only one millisecond after the

presynaptic membrane is excited.

Vesicle docking is a targeted reaction where SVs must attach to the AZ of
the presynaptic PM. This step is essential for their fusion with the membrane and
exocytosis of their NT to mediate synaptic impulse transmission. Unfortunately,
there is still controversy in as to which molecular players constitute the functional
docking machinery. It is required that the cytoplasmic domains of the three
interacting proteins to form the SNARE complex contact and bridge the vesicular
membrane and the PM (Figure 4 and 5). This docking appears also to require
Munc18-1, which could serve as a membrane anchor on the PM. Sytl is the
calcium sensor for exocytosis, and SNAP-25 as an essential PM docking factor,
which, together with a bimolecular Syntaxin/Munc18-1 complex, form the minimal
docking machinery. Alternatively, SNAP-25 may interact directly with rabphilin and
Sytl to dock SVs (Mohrmann et al. 2013; Parisotto et al. 2012; Tsuboi and Fukuda
2005; Matthijs et al. 2008; de Wit et al. 2009).

Vesicle priming prepares the SV so that they are able to fuse rapidly in
response to a calcium influx. This priming step is thought to involve the formation
of partially assembled SNARE complexes. Importantly, only a fraction of vesicles
located at or near the PM is competent to undergo AP induced fusion at any point

in time. These are referred to as ‘primed’ vesicles and the total number of that is
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referred to as the release competent or primed vesicle pool. CAPS (Calcium-
dependent Activator Protein for Secretion) and Muncl3 (Mammalian Unc-13)
have been shown to be crucial for vesicle priming. These proteins are important
for the initiation of SNARE complex formation and help to stabilize SVs in a fusion
competent state (Stidhof, 2004). The priming process is also regulated by Ca?
(Neher and Sakaba, 2008). In priming, protein kinase C (PKC) activation of Munc13
probably acts via a direct or indirect interaction of the MUN-domain with SNARE

and/or SM (Sec1/Munc18) proteins (Stidhof and Rizo, 2011).
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Figure 5. Synaptic vesicle exocytosis. Scheme model of the SNARE-SM protein and the
points of action of their essential proteins involved in the synaptic vesicle cycle. The cycle
illustrates the various transient stages of monomeric SNAREs and SNARE complexes bound
to Munc18-1 and Synaptotagmin. Munc18-1 plays an essential role in guiding Syntaxin from
its closed to open conformation associated with SNARE complexes. Complexin with partially
assembled trans-SNARE complexes, which enhances vesicle priming for fusion, and the step
of calcium triggering of fusion pore opening by synaptotagmin. NSF and o-SNAP are
required for ATP dependent disassembly of SNARE complexes to bring the vesicles and the
release site back to a state that allows for a new round of exocytosis. Source: Adapted from
Stidhof, 2013.
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Vesicle fusion occurs when vesicular and PMs mixing and fusion pore open
when SNARE complex zippered to the membrane proximal or transmembrane
domain region (Chen and Scheller 2001; Pobbati et al. 2006). This process is leaded
by SNARE complexes and Munc18-1, which controls this complex formation and
may have a direct role in fusion. In addition, other SNARE complementary proteins
such as Munc13 and RIMs (Rab3-interacting molecules), Complexin and Syt1 likely
orchestrate SNARE-complex. Syt1 mediates triggering of release by Ca?*, probably
through interactions with SNAREs and both membranes, as well as through tight
interplay with complexins. After SV collapse onto the PM companied by SNARE
complex forming into cis conformation, SNARE complex will be disassembled by a-
SNAP and NSF (Lin and Scheller, 2000). Due to the complexity of this step, it is fully

explained in the follow section The membrane fusion machinery.

5.3. Synaptic vesicle endocytosis

Upon SV fusion, the neuronal membrane surface expands. The retrieval of
SVs from the PM is crucial for keeping the size of the terminal constant by
removing the excess membrane and permits a relatively small number of SVs to
maintain synaptic transmission even during long periods of increased activity
(Murthy and De Camilli, 2003). There are probably four different processes related
with the recycling of the SVs: (1) clathrin mediated endocytosis (CME) of small SVs;
(2) “kiss and run”, transient fusion with the PM; (3) bulk and (4) ultrafast
endocytosis of large portions of membrane. These pathways differ in their

timescales and molecular mechanisms (Figure 6).

Clathrin mediated endocytosis is an endocytic process via clathrin-coated
pits, and occurs in response to a fully vesicle exocytosis outside the AZ, in the
periactive zones, during normal synaptic transmission. Clathrin is a scaffold protein
found on the inner surface of the PM which has a skelion shape. Clathrin with the
aid of endocytic adaptors cover a membrane pit that by progressive membrane

deformation driven by accessory endocytic proteins matures into a coated vesicle
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(Fotin et al., 2004, 2006). Once the vesicle is fully formed, the clathrin complex is

able to dissociate away before being recycled.

The "kiss-and-run" model operates during mild stimulation and describes
the transient fusion of SVs with the PM without full vesicle collapse (Alabi and
Tsien, 2013). The narrow fusion pores are closed rapidly within a time frame of
only seconds to rejoin the AZ-bound SV pool without the need for endocytic
sorting. In kiss-and-run, there is no need to sort proteins or lipids because the

vesicle remains intact (Zhou et al. 2014).

Bulk endocytosis operates upon strong stimulation in the periactive zone. It
is probably an emergency mechanism, when stimulation surpasses the ability of
the synapse to recycle vesicles all vesicle pools are depleted and are only slowly
regenerated. The vesicle membrane added into the PM either swells the nerve
terminals or folds back onto itself, generating what has been termed “infoldings”
or endosome-like vacuoles from which SVs eventually bud (Miller and Heuser,

1984; Rizzoli, 2014).

Recent studies (Watanabe et al., 2013a, 2013b) identify an ultrafast mode
of endocytosis, occurring in the space between active and periactive zones which
can quickly replenish the membrane surface are during intense stimulation. This
spatial restriction is peculiar and interesting, as it may signify the existence of
specialized membrane plates that prevent ultrafast membrane blebbing (Zhou et
al. 2014). This process is very fast (about 50 — 100 ms after stimulation) and is
clathrin-independent. Furthermore, it is unclear, whether ultrafast endocytosis
retrieves exclusively lipids or the complete membrane including the SV proteins

(Watanabe et al., 2013a, 2013b).
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Figure 6. Pathways of synaptic vesicle recycling in nerve terminals. Scheme of membrane
traffic in axon terminals illustrating established and putative pathways of endocytosis of
synaptic vesicle (SV) membranes: clathrin-coated pits (CCP) from the PM and its deep
infoldings (1 and 1a),"kiss and run" (2), ultrafast endocytosis (3), and bulk endocytosis (4)
followed by vesicle formation via yet unclear mechanisms (?) from endocytic intermediates
(El). This recycling traffic is interconnected with housekeeping membrane recycling (5)
involving clathrin-mediated endocytosis and canonical early endosomes (EE) as well as with
traffic to the cell body (6) via late endosomes (LE) and multivesicular bodies (MVBs). Source:
Adapted from Saheki and De Camilli, 2012.

Bulk and ultrafast endocytosis involve large endocytic structures at the PM.
Both kiss-and-run, bulk and ultrafast endocytosis do ensure instant membrane
retrieval. While ultrafast recycling may be a default mechanism to maintain the
surface area following vesicle fusion, CME and bulk endocytosis may impose
different layers of regulation of synaptic vesicle function when neurons are being
stimulated intensely. The dense body-plate region is packed with proteins

specializing in vesicle fusion, while the periactive zone plate and associated

cytoskeleton specialize in CME or bulk retrieval (Zhou et al. 2014).

No matter how the vesicles fuse, after release of NT, both newly formed
and recycled vesicles have to be packed with NT, in order to be utilized in the
subsequent responses. Thus, vesicular recycling is fundamentally controlling the

synaptic efficacy.
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Membrane fusion is the process by which two initially separated lipid
bilayers merge to form a single unity. It is a universal biological process in life that
is involved in many cellular events, and is essential for the communication
between cells and between different intracellular compartments (Jahn et al.
2003). Repulsive forces between the approaching bilayers oppose spontaneous
membrane fusion in living organisms. These forces result from electrostatic
repulsion of equally charged membrane surfaces and from hydration repulsion.
Moreover, the lateral tension of the bilayer interface has to be overcome
(Kozlovsky et al. 2002). The energy required to overcome the energy barrier for
the fusion of biological membranes is provided by specialized fusion proteins, like
SNARE proteins in the exocytosis process, that forms a “rod-like” a-helical bundle,
termed trans-SNARE complex (figure 7) (Jahn and Fasshauer 2012; Jahn et al.
2003).

6.1. The SNARE complex

Soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP)
receptors, also known as SNARE complex, are known to be the core fusion
machinery in neuro-exocytotic pathways (Rizo and Sudhof, 2002; Jahn and
Scheller, 2006). SNAREs make up an evolutionarily conserved superfamily of
membrane-associated proteins that are differentially distributed among
intracellular membranes (Jahn and Sudhof, 1999; Bock et al., 2001; Jahn and
Scheller, 2006). They are composed exclusively of alpha-helical segments, each
protein with a 60—70 amino acid (aa) residues in length called the “SNARE motif”,
which tend to form a coiled coil structure (Terrian and White, 1997) (figure 7). The
major proteins of the SNARE family that plays an essential role in fusion especially
during neuronal exocytosis are Syb, SNAP-25 and Syntaxin-1A. SNAREs can be
divided into two categories based on their primary localization in the cell. With

only a few exceptions, a single SNARE family protein resides on the vesicle and is
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called the “v-SNARE.” The other three SNARE motifs reside on the target
membrane and are called “t-SNAREs” (Fasshauer et al., 1998). Both sequence
analysis and X-ray crystallography studies of the SNAREs have allowed for their
classification into Q-SNAREs and R-SNAREs (Fasshauer et al., 1998), depending
upon the amino acid, either glutamine or arginine, present at the ionic layer of the
SNARE complex (Sutton et al., 1998). Syb-2 and Syntaxin-1A each have one SNARE
motif, whereas SNAP-25 contains two SNARE motifs. Syntaxin-1A and SNAP-25 are
mainly located in the presynaptic PM whereas Syb-2 is expressed in a SV
membrane (Takamori et al., 2006). SNARE motifs zipper together to form a parallel

four-helix bundle called the “core complex” (Figure 7).
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Figure 7. The SNARE core complex machinery. The SNARE complex forms a parallel four-
helix bundle to bridge the vesicle and target membranes. Syntaxin (red) is inserted into the
plasma membrane by a transmembrane domain. SNAP-25 (green) is associated with the
target membrane by palmitoylation and contributes two alpha-helices to the complex. Inset
displays the four residues that define the O layer.

The SNARE core complex is highly stable and requires boiling with sodium
dodecyl sulfate (SDS) for disassembly (Chen et al. 1999). The stability of SNAREs
can be attributed to strong hydrophobic interactions between “layer residues”

that run the length of the core complex. The centre bundle of the helical domain

contains 16 layers of interface including 15 hydrophobic interface among the side
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chain from each SNARE motif, and one highly conserved electrostatic “0” layer
which contains 3 glutamine (Qa, Qb, Qc) and 1 arginine (R) residues (Figure 7).
Accordingly, the SNARE proteins whose SNARE motif contributes these residue
was classified as Qa-(Syntaxin), Qb-(SNAP), Qc-(SNAP) and R-SNARE (Syb-2)
(Fasshauer et al., 1998; Bock et al., 2001). The conservation of the 0 layer residues
provides an effective evolutionary categorization for classifying the relatedness of

SNAREs in evolution (Kloepper et al. 2007).

The zippering process of membrane fusion results in a structural transition
of the loose trans-SNARE complex to a tight trans-SNARE complex and identified
by the formation of four a-helical bundles (Figure 7). The states between loose
and tight trans-SNARE complexes are thought to be reversible and reach
equilibrium (Xu et al. 1999). The bilayers of the target and vesicular membranes
merge the trans-SNARE complex into cis-complex, which results in release of
vesicle content. After the fusion, the cis-SNARE complex binds to NSF trough a-
SNAP, which destabilizes the zippering and allows the recycle mechanisms of the
cell to start working. Only the conformed SNARE complex can bind a-SNAP and

NSF and because of this specificity has this name (Jahn and Fasshauer, 2012).

6.2. SNARE proteins: Synaptobrevin-2, SNAP-25 and Syntaxin-1a

SNARE complex integrates Synaptobrevin, SNAP-25 and Syntaxin-1A, which
are the essential core in SVs exocytosis. Nevertheless, after many studies, it has
been confirmed that the SNARE itself is not enough for the fusion to take place;
instead, some more proteins are needed to allow the synaptic membrane fusion.
The best known of this “complementary proteins” are Synaptotagmin, Complexin,
Munc13 and Muncl8-1 (Jahn and Fasshauer, 2012). Proteins explained in the

following sections are represented graphically in Figure 8.
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6.2.1. Synaptobrevin

Synaptobrevin (Syb, also called VAMP or v-SNARE) is a small integral
membrane protein that belongs to vesicle-associated membrane protein (VAMP)
family. The isoforms | and Il (Syb-1 and Syb-2) are widely distributed in both CNS
(Raptis et al., 2005) and PNS (Li et al., 1996), being Syb-2 the most studied isoform.
It is a protein of about 18 kDa and is anchored into the membrane of the SVs,
which have to be exocytated. It works by identifying the target membrane because
it has associated with both Syntaxin-1A and SNAP-25 (together called t-SNARE)
(Pobbati et al. 2006).

Syb-2, has one SNARE domain, which is connected by a linker domain to the
C-terminal transmembrane region (TMR) (Figure 8). It has been proved that the
TMRs, together with the linkers add stability to the SNARE complexes and
resistance versus denaturalization procedures. TMR domain being free reduces
the stability of the SNARE complex because it makes interferences in the

conformation of the quadruple helix.

6.2.2. Syntaxin-1A

Syntaxin family members are t-SNAREs and share three common features:
an NH,- terminal regulatory domain composed of three a-helixes called the Hanc
domain, a SNARE motif, and a COOH-terminal transmembrane anchor (Figure 8).
In those syntaxins involved in exocytosis, the Hape domain folds back on the central
helix of the SNARE motif to generate a closed and inactive conformation

(Dulubova et al. 1999; Munson et al. 2000).

Syntaxin isoform in the PNS, Syntaxin-1A, weights about 33 kDa and
contains only one SNARE domain located just before the linker and C-terminal
TMR domain. In the N-terminal extreme Syntaxin-1A has a triple helix bundle
known as Ha,c domain or N-peptide which can form a tight complex with the
neuronal SM proteins (Fernandez et al., 1998). Munc-18-1 is a SNARE regulator

proposed to maintain mammalian Syntaxin-1A in a closed conformation. Syntaxin-
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1A in conjugation with Munc18-1, fold back onto the SNARE motif, forming a
“closed conformation” that prevents Syntaxin-1A from forming the core complex
with Syb-2 and SNAP-25. Thus, Syntaxin-1A must have a conformational change to

switch between its complex with Munc18-1 and the core complex.

6.2.3. SNAP-25

SNAP-25 (synaptosomal-associated protein of 25 kDa) is a component of
the SNARE complex, which is involved in the exocytotic release of NTs during
synaptic transmission (Stidhof, 2004; Milovanovic and Jahn, 2015). When SNAP-25
is absent, it has been shown that vesicle docking at the presynaptic AZs persists,
but the pool of primed vesicles for release is empty, and fast calcium-triggered
exocytosis is abolished (Sgrensen et al., 2003). In addition, SNAP-25 has an
important role in the vesicle docking and priming, provided by the calcium-
dependent interaction with Sytl, as well as in triggering fast exocytosis
(Mohrmann et al. 2013). It is uniqgue among the other SNAREs as it contributes two
70 aa SNARE motifs linked by a loop with palmitate-modified cysteine residues to
be attached to the terminal (or target) membrane (Gonzalo et al. 1999). Its two
SNARE domains (figure 8) interact with the SNARE domains from the Syb-2 and
Syntaxin-1A (Figure 9). SNARE motifs are largely unstructured but spontaneously
assemble into helical SNARE complexes. SNAP-25 is about 206 aa residues long

and does not carry any other domain (Stein et al., 2009).

SNAP-25 is a PKC substrate in vivo (Shimazaki et al., 1996; Kataoka et al.,
2000). The PKC phosphorylation site in SNAP-25 has been mapped to the serine
187 (Ser-187), in a region of critical importance in calcium-triggered exocytosis
(Weinberger and Gerst, 2004). It seems that the level of phosphorylated SNAP-25
in resting cells is low but a partial phosphorylation is seen when [Ca?*] is increased
(Nagy et al, 2002). Several results support the hypothesis that PKC
phosphorylation of SNAP-25 is required for fast vesicle pool refilling in response to
synaptic activity or elevated intracellular calcium concentration. It has been

proposed that vesicle refilling and pool size would be coordinately controlled by
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phosphorylation of SNAP-25 via two different signal pathways. Protein kinase A
(PKA) phosphorylation of SNAP-25 at threonine-138 (Thr-138) controls the size of
the releasable vesicle pools, whereas PKC phosphorylation of SNAP-25 at Ser-187
is involved in regulating refilling after the pools have been emptied (Nagy et al.,
2002; Leenders and Sheng, 2005a). In addition, SNARE complex formation by
purified recombinant SNAP-25, Syntaxin-1A, and Syb-2 in vitro is inhibited or
promoted as a result of the phosphorylation on Thr-138 by PKA or at Ser-187 by
PKC, respectively. Thus suggest that SNAP-25 phosphorylation by PKA or PKC
contributes differentially to the control of exocytosis by regulating SNARE complex

formation (Gao et al. 2016).

6.3. The complementary SNARE proteins: SNARE regulators

Although SNARE proteins can provoke the release of NTs in vitro by their
own (Weber et al., 1998), additional protein are required for vesicle transport and
fusion, regulation of the speed and the precision of the Ca** dependent NT release
in vivo (Guo et al, 2000). These “accessory proteins” are many, but
Synaptotagmin, Complexin, Munc18-1 and Munc-13 are especially significant, and
the set of all of them confer onto synaptic exocytosis its uniquely exquisite
regulation (reviewed in (Brunger, 2005; Rizo and Rosenmund, 2008; Sgrensen,
2009; Sitidhof and Rothman, 2009). Munc18-1 belongs to SM family of proteins
which are proposed the essential proteins for activation of SNARE-complex
assembly at the vesicle-fusion step (Waters and Hughson, 2000). Hence, these SM

proteins will be extensively explained in the next chapter.

6.3.1. Synaptotagmin-1

Synaptotagmin-1 is a 65 kDa vesicular membrane protein, also known as
Sytl, which is believed to be the key regulator for the temporal control of SNARE-
dependent SV fusion (Chapman, 2002; Sidhof, 2004; Rizo and Rosenmund, 2008).
Sytl belongs a family of fifteen membrane-trafficking proteins that are

characterized by an N-terminal TMR, which serves as a vesicular anchor and two
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calcium-binding domains (C2A and C2B) (Figure 8). These domains contains the
loop region in the C-terminal ending which permits the regulation of its activity
trough calcium binding, which are connected by a flexible linker and able to bind
three and two Ca?* ions, respectively (Rizo and Siidhof, 2002). Sytl changes
conformation upon Ca?" binding and triggers the fast fusion and subsequent NT
release (Lee et al. 2010; Yoshihara and Littleton 2002). The two C2 domains are

homologous to the C2 regulatory region of PKC (Perin et al., 1991).

It is activated by calcium dependent PKCs through specific phosphorylation
at Thr-112 residue. Then, Sytl binds the Ca?* through its C2 domains. The C2
domains can bind PIP, (Phosphatidylinositol 4,5-bisphosphate, a minor
phospholipid component of cell membranes in PM) in both a Ca?* -independent
manner, through a stretch of polybasic amino acids, and in a Ca%* -dependent
manner at the Ca?* - binding pocket (Arag et al., 2006; Radhakrishnan et al., 2009;
van den Bogaart et al., 2011). This interaction provokes a conformational change
that makes the protein to bend inside the target membrane and it gets linked to
the SNARE proteins, which favours the merge of the target and vesicular

membranes (Caccin et al. 2015; Chapman 2008; Choi et al. 2010; Kim et al. 2012).

Overall, Sytl participates in most steps of membrane fusion process via
interacting with SNARE proteins and membrane. Sytl largely enhanced vesicle
docking via interacting with t-SNARE and PIP, (Hui et al. 2009; Kim et al. 2012; Lai
and Shin 2012). In the step of vesicle priming and lipid mixing, Sytl/Ca?*
penetrates into membrane, generate positive curvature, and bring two opposition
membrane closer (Hui et al., 2009). Accordingly, SNARE zippering is facilitated by
Syt1 shorten the distance between two membranes (van den Bogaart et al., 2011).
In the final fusion pore opening step, Sytl/Ca?* initiate the process and expand

that with Complexin.
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6.3.2. Complexin

Complexins, (Cplxs), constitute a family of cytosolic proteins of about 15-20
kDa, which bind the SNARE complex and have the capacity of promoting and
clamping the exocytosis depending on their spatial conformation, which changes
subjected to the environment. They positively regulate a late, post-priming step in
Ca?* -triggered synchronous NT release, but the underlying molecular mechanisms
are unclear. In mammals, the Cplx family consists of four members (Cplx-1 to -4)
which are ubiquitous in the organisms and have a highest presence in the CNS
(Xue et al., 2008). The Cplx-1 isoform is the one that binds tightly to the SNARE
both if it is in a partial assembled form to help stabilize the structure or in its
complete form to regulate the level of exocytosis accomplished. Other isoforms
have less affinity and because of that their function is minor (Mohrmann et al.

2015; Xue et al. 2007).

Complexin 1 (Cplx-1), also called synaphin-2, contains 134 aa and consists
of four domains (Figure 8). The N-terminal domain, which is required for activation
of synchronous Ca?* -triggered release. The a-helical motif, which is located near
the center of the protein and bind to the SNARE complex, contains two domains:
the central helix domain (Cplxcen) and the accessory a-helix domain (Cplxac) (Chen
et al. 2002). The Cplxen binds the SNARE complex independently of its
conformation is partial or complete, and is required for all functions of Cplx-1. The
Cplxace are entirely dispensable for activation of Ca®* -triggered SV fusion and is
essential for regulation of spontaneous release. Cplxac, initially (when exocytosis is
clamped) is in an angle that positions it distant of the SNARE complex. When,
through calcium binding, Sytl gets activated and changes its conformation, it
provokes a conformational change in the Cplx-1 protein which drives Cplxa. to a
parallel position in relation with the SNARE complex, and this possibilities an
interaction that is thought to trigger the exocytosis (Krishnakumar et al., 2011).
Finally, the C-terminal domain is involved in vesicle priming and binds to anionic

membranes with curvature sensitivity (Xue et al., 2007; Brose, 2008; Choi et al.,
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2016). In all, Cplx-1, together with Syt1, regulates spontaneous and synchronized
fast SV fusion (Yoon et al., 2008).

However, numerous studies have shown apparent discrepancies of the
physiological role of Cplx in the NT release, demonstrating a differential function
between species. The extensive analysis of their different domains in several
species has shown that Cplxs have both inhibitory and facilitative functions (Brose,
2008; Xue et al.,, 2008; Trimbuch and Rosenmund, 2016). Most of the recent
discussion has focused mainly on two questions. On the one hand, to understand
the physiological relevance of a multiple role for Cplxs in SV priming, as well as the
facilitation and inhibition of NT release. On the other hand, resolve the complex
molecular interactions of Cplxs with the SNARE complex and with the Ca%*-sensor
Sytl (Brose, 2008; Sgrensen, 2009; Sudhof and Rothman, 2009; Trimbuch and
Rosenmund, 2016).

In summary, the functional role of Cplxs in mammalian neurons is still
heavily debated. It seems clear the idea that Cplx has evolved differently in
different species to optimize coding at synapses. Surely once the subtle structural
variations in these individual domains are better studied, the general function of
this molecule in different organisms can be determined more accurately

(Trimbuch and Rosenmund, 2016).

6.3.3. Muncl3

Munc13 (Mammalian Unc13) is an exocytosis involved protein of about 200
kDa from presynaptic AZs that also have a crucial function in NT release. Detailed
physiological and morphological studies have shown that Munc13 is involved in
docking and priming of SVs, suggesting that Munc13 acts as a key switch that acts
on the release machinery. It works by modulating the action of important
exocytotic proteins such as Munc18-1 through its most C-terminal domain called
MUN. The proteins that contain the MUN domain are members of the CATCHR

(Complex Associated with Tethering Containing Helical Rod) family of proteins and
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work in various trafficking steps (James and Martin, 2013). Next to MUN domain
proteins, this family consists of the Dsl1 complex, Conserved Oligomeric Golgi
complex, Golgi-associated retrograde protein complex and exocytotic complexes
that help tether the vesicle to the membrane. Munc13 proteins have two principal
functions at the AZ: to prime the SNARE/SM protein fusion machinery for
exocytosis, thus rendering SVs fusion competent, and to mediate short-term
plasticity by regulating this priming activity (Stidhof, 2012). Crystallized structures
have shown that Munc13 has multiple domains (Figure 8): MUN, which integrates
four different subdomains named from A to D and is the one which gives the
principal function to the protein; in the N-terminal it has two C2 domains (C2A and
C2B) and also in the C-terminal there is another C2 domain (C2C) which bind
calcium. The first C2A domain provides a link to Rab3-interacting molecules
(RIMs), large Rab3 effectors that have multiple roles in additional forms of
presynaptic plasticity (Rizo and Sudhof 2012). Between the two N-terminal C2
domains there is a CaMb domanin (Calmodulin binding domain) and a C1 domain
which binds diacylglycerols (DAGs) in this order. This makes us think this protein is
highly regulated by calcium. These additional domains probably controls diverse
forms of regulation of release during presynaptic plasticity, likely by modulating
the key function of the MUN domain (Rizo and Xu, 2015). In reference to the MUN
domain it has been found to interact with membrane-anchored SNARE complexes
and Syntaxin-1A—SNAP-25 heterodimers (Guan et al. 2008; Weninger et al. 2008),
and also to bind weakly to Munc18-1 and to the Syntaxin-1A SNARE motif (Ma et
al., 2011). Thus, these recent studies have proposed that MUN domain is the
responsible of accelerating the conformational change of Munc18-1 which permits
the modification of Syntaxin-1A from the closed form to the open one to complete
SNARE complex formation and possibilities the triggering of exocytosis (Yang et al.

2015).
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Figure 8. Domains of the SNAREs and the principal proteins implicated in the synaptic
vesicles exocytosis.

All types of intracellular membrane fusion that are controlled by SNAREs
also depend on SM proteins, and the absence of the respective SM proteins
generally leads to a block in membrane fusion (Toonen and Verhage, 2007; Stidhof
and Rothman, 2009; Carr and Rizo, 2010). The members of the SM family of
proteins are essential component of the vesicle fusion machinery and exert their
function at the post-docking step prior to fusion. Different family members
participate in different vesicle trafficking steps. The family is composed of proteins
that are soluble, but are also found on the membrane where they work in close
collaboration with the SNARE proteins, in particular the syntaxins (Qa-SNARE)
(Rizo and Sudhof, 2002; Toonen and Verhage, 2007; Carr and Rizo, 2010). Their
importance has been reported in numerous studies and their absence observed in

Munc18-1 knockout mice leads the total abrogation of NT release (Verhage et al.
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2000), and multiple studies have suggested that Munc18-1 is involved in synaptic
vesicle docking, priming, and fusion (Toonen and Verhage, 2007; Sidhof and
Rothman, 2009; Carr and Rizo, 2010). Multiple types of interactions between
Muncl18-1 and the neuronal SNAREs, particularly Syntaxin-1A, mediate these
diverse functions, at least in part. Thus, Munc18-1 binds tightly to Syntaxin-1A
folded in the closed conformation (Misura et al. 2000), to the Syntaxin-1A N-
terminal region through both the N-peptide and the H,,c domain and to the four-
helix bundle of the SNARE complex (Dedk et al. 2009; Rizo and Xu 2015; Xu et al.
2010).

Munc18-1 (mammalian uncoordinated-18) was the first SM protein to be
found (Dulubova et al. 1999; Misura et al. 2000) and has been confirmed as an
essential protein for the neurotransmission to take place and that together with
the SNARE proteins forms the essential machinery of fusion for synaptic
exocytosis. It is a cytosolic protein of about 70 kDa (~600 aa residues) that in the
PNS can be found in the entire axonal route. It has five functional domains (d1,
d2a and d2b and d3a and d3b) which give to the entire protein its concrete

functions (Figure 8).

7.1. Molecular role of SM proteins: Munc18-1/SNARE complex assemblies

Despite many years of intensive research there is still some controversy
over the molecular mechanism of SM proteins (Rizo and Sidhof, 2002; Toonen
and Verhage, 2007; Sudhof and Rothman, 2009; Carr and Rizo, 2010). Loss-of-
function mutations for all different SM protein members show comparable
phenotypes as they lead to very severe impairment of vesicle docking and fusion.
This strongly suggests that all types of SM proteins are essential for the last step in
vesicle trafficking. As outlined earlier, the core fusion machinery is through to
consist of SNARE proteins that assemble between vesicle and target membrane, a
reaction that eventually leads to membrane merger. The neuronal SM protein

Munc18-1 was discovered as a binding partner of Syntaxin-1A, and when the
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crystal structure of Munc18-1/Syntaxin-1A complex was solved, it was discovered
that Munc18-1 arrests Syntaxin-1A in a tight closed conformation (Misura et al.
2000). Then this interaction was investigated in more detail. These studies
revealed that Munc18-1 has been wrapped in a functionality paradox because of
its interaction with Syntaxin-1A closed form. On the one hand, in vitro studies
revealed that the binding of Munc18-1 to Syntaxin-1A prevented Syntaxin-1A from
forming a SNARE complex with its partner SNAREs SNAP-25 and Syb-2 (Dulubova
et al. 1999; Pevsner et al. 1994; Yang et al. 2000). On the other hand in vivo
Munc18-1 knock-out mice studies revealed the SNARE doesn’t form and the
neurotransmission is completely omitted (more than even in SNAP-25 or Syb-2
knock-outs) (Gulyas-Kovacs et al. 2007; Verhage et al. 2000). It was speculated
that the true activity of Munc18-1 is to bind to the ensemble SNARE complex in
order to help this process or to directly participate in membrane fusion (Shen et
al., 2007; Rizo and Rosenmund, 2008; Dedk et al., 2009; Stidhof and Rothman,
2009).

The interactions between some of its domains result in an arch shape,
which has been conserved through evolution. Domain 1 and 3a form a cavity that
allows Syntaxin-1A closed form to bind in a tightly way as it is in contact with the
N-peptide. At the same time, the N-peptide is also capable of binding the opposite
surface (which strengthens the union). On the other side, when the SNARE
complex binds Munc18-1, it does it through the 3a external surface or the same
cavity. These multiple possibilities of union are thought to regulate different
precise functions that can be either stimulatory or inhibitory (Rizo and Sidhof,

2012; Rizo and Xu, 2015).

Moreover, several studies have converged on the conclusion that the
essential stimulating function of Munc18-1 in secretion involves domain 3a (Boyd
et al. 2008; Han et al. 2013, 2014; Hu et al. 2011; Parisotto et al. 2014). This is
further supported by the effect of PKC phosphorylation of residues within the

domain 3a, which promotes vesicle priming (Nili et al., 2006). This 3a domain may
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undergo a conformational change from a folded-back “closed” helical hairpin to an
extended “open” helical hairpin where the aa stretch from 324 to 339 extends
helix 12. Thus, these conformational change in domain 3a can coincide with the
transition from the closed to the open Syntaxin-1A and promote SNARE complex
assembly (Parisotto et al. 2014) and vesicle priming (Munch et al., 2016).
Moreover, helix 12 contains residues that interact with part of the syb-2 SNARE
domain (Baker et al. 2015; Xu et al. 2010), raising the possibility that the extended

helix forms a template to structure syb-2 (Parisotto et al. 2014).

It has been determined by multiple studies that Munc18-1 is implied in
exocytosis by interacting with proteins basically in two ways. Different
experiments have proposed many models to explain how Muncl8-1 works.
Nowadays is accepted a compilation of several of them (Rizo and Suidhof, 2012;
Rizo and Xu, 2015) which proposes that Munc18-1 has two principal roles. On the
one hand, it clamps the NT release because it binds to closed Syntaxin-1A by its N-
terminal domain Hapc. This stabilizes that protein but also inhibits the assembly of
the SNARE complex and vesicle docking. On the other hand, when Ca?* triggers
neurotransmission, it also provokes an effect on Muncl3, which causes the
opening of Syntaxin-1A. Because of that, Munc18-1, which initially was bound to
Syntaxin-1A, translocates itself to bind the heterodimer Syntaxin/SNAP-25 so, it
binds to vesicle and terminal membranes implicated in the merge to help in the
assembly of the complete SNARE complex. The translocation may be helped by
interactions with the membranes or by allosteric activation and phosphorylations
derived from PKCs activation (Dulubova et al. 2007; Stidhof and Rothman 2009; de
Vries et al. 2000). As a result, Munc18-1 is essential to permit the exocytosis by
favoring the correct formation of SNARE but, at the same time, is a mechanism
which permits an accurate regulation of the synaptic exocytosis by preventing the
premature SNARE formation as it establishes an energy barrier (Dulubova et al.

2007; Jahn and Fasshauer 2012; Khvotchev et al. 2007; Shen et al. 2007).
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Due to the importance of Muncl8-1 in the modulation of synaptic
exocytosis, it is necessary to guarantee the correct regulation of itself. To enable
this regulation, Munc18-1 has two consensus sites that correspond to Serine
residues (Ser-306 and Ser-313) which are a phosphorylation point for PKCs. It is
thought that this phosphorylation procedure takes place during the depolarization
of the membrane when the transmission impulse arrives at the terminal button. It
is important to take into account that PKCs not only phosphorylate Munc18-1;
instead, they also phosphorylate SNAP-25 and Syt1 and ion channels like voltage-
gated K* and Ca?* channels (Genc et al., 2014a).

Figure 9. Schematic representation of membrane fusion machinery. Munc18-1 (purple),
Syntaxin (yellow and orange), Synaptobrevin-2 (Syb-2, red), SNAP-25 (green), Munc-13

(dark red), Synaptotagmin-1 (Syt1, blue) and Complexin (Cplx, orange and pink). A) 1. Syb-2
and SNAP-25 are in a coiled coil form while Syntaxin is closed because of being associated
with Munc18-1. 2. Munc18-1 bound the partially assembled SNARE complexes while
Munc13 permits the membranes to be closed together. 3. The complete SNARE formation
permits the fusion pore to open. B) 1. Sytl and Cplx are linked to the SNARE complex. 2.
Once calcium influx arrives Cplx and Syt1 change their conformation and favour membranes
fusion. Source: Adapted from Rizo and Xu 2015.
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SNARE proteins themselves are not capable to complete neurotransmitter
release; instead, other molecules are involved. Firstly, cytoskeleton and motor
proteins have to be bound to SVs to transport them to the AZs (Bombardier and
Munson, 2015). Moreover, it has been shown that the regulation of exocytosis and
various forms of synaptic plasticity is mediated by different proteins such as
protein kinases A and C, as protein phosphorylation has a key role in exocytosis

(Morgan et al., 2005).

PKCs affect exocytosis through the phosphorylation of different proteins as
voltage-gated K* channels and Ca?* channels (Zamponi et al., 1997), maintaining
vesicle pools and phosphorylating the SNARE complex proteins SNAP-25, Syntaxin-
1A, Sytl (Shimazaki et al., 1996; Hilfiker et al., 1999) and the complementary
proteins. One of those complementary proteins that is especially important is
Munc18-1 (introduced before), which has to be phosphorylated by PKC in vitro on
Ser-306 and Ser-313 to permit NT release (Tanaka and Nishizuka, 1994; Majewski
and lannazzo, 1998; Barrett and Rittenhouse, 2000; Leenders and Sheng, 2005a).

8.1. Protein kinase C

8.1.1. PKC structure and function

Protein kinases C are members of the superfamily serine/threonine
(Ser/Thr) protein kinase enzymes, the AGC kinases, which are widely distributed in
all cells (Lanuza et al. 2014; Obis et al. 2015a; Santafé et al. 2007). These proteins
can exist both in a soluble state in the cytosol and as a membrane-anchored
protein. PKC members play a key role in the regulation of multiple cellular
pathways including proliferation, migration, differentiation, apoptosis, platelet
activation, rearrangements of the actin cytoskeleton, ion channel modulation,

secretion, neurotransmission and neuronal plasticity (Antal and Newton 2014;
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Lanuza et al. 2014; Tanaka and Nishizuka 1994; Tomas et al. 2014). Given its
relevant role to cellular signaling mechanisms, the study of the intracellular
pathways in where they are involved is particularly important. Moreover, PKCs are
remarkable targets to provide pharmacological tools for fighting against
pathologies (Blumberg, 1988) due to the fact that they are activated by tumor-
promoting phorbol esters such as phorbol 12-myristate 13-acetate (PMA) which
mimics their activation mechanism (Castagna et al.,, 1982; Ashendel, 1985;

Steinberg, 2008).

PKCs were originally defined as proenzymes needed to be proteolitically
cleaved to acquire its kinase activity and the ability to phosphorylate substrates.
Then, it was shown that PKCs could be activated by DAG in a Ca?* -dependent
manner (Inoue et al., 1977; Takai et al., 1979). Subsequently, it was established
that PKCs consists of 10 isozymes divided into three sub-families based on their

second messenger mode of regulation (Steinberg, 2008).

eClassical PKC (cPKC) sub-family (or conventional): comprises PKCa, BI, Bll and y
isoforms that require DAG as the primary activator along with
phosphatidylserine (PS) and Ca?* as cofactors of activation.

eNovel PKC (nPKC) sub-family: comprises PKCS, PKCe, PKCB and PKCn and are
regulated by DAG and PS but do not require Ca?* for activation.

eAtypical PKC (aPKC) sub-family: comprises PKCZ and PKCL (PKCA in mouse) and

their activity is stimulated only by PS and not by DAG and Ca?".

All protein kinases share a similar structure. In the C-terminal part, there is
a highly conserved catalytic kinase domain with a motif for ATP/substrate-binding
and catalysis. In the N-terminal there is the regulatory domain which contains the
C1 and C2 motifs that bind to a pseudosubstrate (a mimetic peptide which
resembles a PKC substrate but that contains an alanine inset of the Ser/Thr
phosphoacceptor site). The regulatory domain is isoform-specific and allow PKCs
to assemble specific responses to different stimuli. It takes part in maintaining the

enzyme in an inactive conformation and serves as a target identifier for cellular

39



UNIVERSITAT ROVIRA I VIRGILI
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI

A Simbd 011é .
nna simo 1. Introduction

locations. Moreover, it mediates protein-protein interactions. These two domains
bind together by a hinge region, which is composed of five variable regions

(termed V1-V5) which are also isoform-specific.

Isoenzyme Regulatory Catalytic Ligand
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Pseudosubstra\te C1A C1B c2 Activation Ioep Turn Totlf DAG Ca? ggtors
Conventional: @ - 1 (11} + + +++
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Figure 10. Primary structure and relative ligand-responsiveness of PKC family proteins.
Domain structure of PKC family members, showing autoinhibitory pseudosubstrate
segment (olive green), C1 - domain (orange), C2 domain (yellow), kinase core (cyan) and C-
terminal tail (dark blue); the activation loop (pink), turn motif (orange) and hydrophobic
motif (green) phosphorylation sites are also indicated. The ligands that bind to each
subfamily, along with their relative affinities, are indicated. Source: Wu-zhang and Newton,
2013.

8.1.2. Signal propagation

In order for PKC achieve full catalytic competency to effectively transduce
extracellular signals to downstream targets, PKC must be properly primed and
positioned for optimal signaling. Perturbation of the phosphorylation state,
conformation, or localization of PKC can disrupt these signaling events, leading to

altered physiological states found in some diseases (Blumberg, 1988).

Before PKC responds to lipid second messengers the enzyme must undergo
a multi-step maturation process (priming), corresponding to three properly
ordered phosphorylations. These priming phosphorylations correspond to
different regions of the catalytic domain: the activation loop (AL), turn motif (TM),
and hydrophobic motif (HM) in cPKCs and nPKCs. For aPKC, only AL and TM
phosphorylations are required, as the HM contains a phosphomimetic glutamate

(Keranen et al. 1995; Newton 2001). AL phosphorylation is catalyzed in vivo by 3-
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phosphoinositide dependent kinase 1 (PDK1) and is required for maximal PKC
catalytic activity (Dutil et al. 1998; Le Good et al. 1998). Autophosphorylation of
the TM and HM s triggered after PDK1 phosphorylation of AL. Priming
phosphorylations contribute to the formation of a catalytically competent kinase
structure, ready to be activated through the modulation of its regulatory domain.
Loss of one priming phosphorylation sensitizes other priming sites, which triggers
a general destabilization of the fold of the kinase domain (Bornancin and Parker,
1996). Once PKC is fully primed, the pseudosubstrate keeps PKC inhibited until
required. In summary, PKC catalytic activity is dependent on two main factors: the
priming of the AL, TM and HM phosphorylation sites and the release of the

autoinhibitory pseudosubstrate from the substrate-binding cleft.

The activation mechanism of PKCs in cells occurs when they are
translocated from the cytosol (where they are inactive with the pseudosubstrate
docked in the substrate binding cleft) to cellular membranes (Dutil and Newton,
2000). PKC activation is triggered by the union of different ligands to their
receptors that resulted in phospholipase C (PLC) activation. These enzyme
hydrolyzes PIP, to generate the membrane-bound second messenger DAG and
inositol trisphosphate (IP3) (Nishizuka, 1988). IPs mobilizes intracellular Ca%*. These
second messengers, Ca?* and DAG, initiate the membrane translocation and
activation of PKC (K&nig et al. 1985; Newton 1993). High [Ca®*] affect numerous
intracellular processes including the migration of some PKC isoforms to the PM,
where DAG can activate them. Many PKCs are also pharmacologically activated by
tumor-promoting phorbol esters such as PMA, which are potent analogues of
DAG, that anchor PKCs in their active conformations to membranes (Sharkey et al.

1984; Steinberg 2008)

cPKC and nPKC isoforms contain two C1 domains (C1A and C1B) in their
regulatory domain. These domains bind the second messenger DAG, promoting
their association with hydrophobic lipids in the PM (Kazanietz et al., 1995; Mosior

and Newton, 1995). Phorbol ester (PE) compounds bind the C1 domain in a similar
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manner to DAG (Sharkey et al. 1984). The aPKC also contains a C1 domain,
referred to as an atypical C1 domain because it does not respond to either DAG or

PE (Ono et al., 1989; Ways et al., 1992).

The cPKC and nPKC isoforms also contain a C2 domain. The C2 domain of
the cPKCs associates with the acidic phospholipid PS at the PM in a Ca*-
dependent manner (Bazzi and Nelsestuen, 1990; Luo et al., 1993). The nPKC C2
domain also associates with acidic phospholipids in the PM, though the nPKC C2
domain lacks a Ca** -binding site and its affinity for PS is therefore Ca*-

independent (Ponting and Parker, 1996).

In both cPKC and nPKC isozymes, the second messenger-bound C1 and C2
domains co-operate in localizing PKC to the PM. This results in the release of the
pseudosubstrate from the substrate-binding cleft. The pseudosubstrate then likely
associates with acidic phospholipids in the PM, stabilizing the active PKC

conformation (Mosior and McLaughlin, 1991).

For cPKC and nPKC isozymes, once DAG is metabolized, the PKC regulatory
domains can be released from the PM and once again allow autoinhibition of PKC
in the cytosol (Bazzi and Nelsestuen, 1989). PKC is also susceptible to proteolytic
cleavage when membrane-bound, which produces a constitutively active PKC
kinase domain (lnoue et al.,, 1977). Additionally, the PKC kinase domain
phosphorylations are susceptible to phosphatase attack by PP2A (Hansra et al.,
1996) and PHLPP (Gao et al. 2008) at the membrane.

In summary, in the case of cPKCs, Ca?* binds the C2 domain and pretargets
PKC to the membrane, allowing the C1 domain to more effectively find its
membrane-embedded ligand, DAG. The coordinated engagement of both the C1
and C2 domain on membranes provides the energy to release the autoinhibitory
pseudo-substrate (Xu et al. 2004). Thus, when PKC has an open conformation
binds its substrates and initiates downstream signaling events. The nPKCs, due to

not having a calcium-binding C2 domain, and therefore lacking the membrane
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mechanism of pretarget, these isoforms compensate it by having a C1 domain that
binds to membranes containing DAG with higher affinity than the C1 domain of
CPKCs, being the C1B domain the main determinant of membrane binding. Finally,
the aPKCs have only a single C1 domain that binds PIP; or ceramide, but not DAG

or calcium (Antal and Newton 2014; Newton 2009).
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Figure 11. Regulation of conventional and novel protein kinase C. A) Life cycle model of
cPKC. (i) Unprimed cPKC is in a membrane-associated, open conformation in which C1A,
C1B and C2 domains are fully exposed. (ii) Upon priming phosphorylation (P) at its AL (pink
circle) by PDK-1, followed by P at the TM (orange circle) and the HM (green circle), cPKC
adopts a closed conformation in which the C2 domain interfaces with the kinase domain
and traps the pseudosubstrate into the substrate-binding site, both C1 domains become
masked, and the primed enzyme localizes to the cytosol. This ensures efficient suppression
of activity in the absence of appropriate stimuli. (iii) In response to agonists that promote
PIP; hydrolysis, cPKC is recruited to the PM in a CaZ* -dependent manner. (iv) Membrane-
targeted PKC binds DAG, predominantly via the C1B domain, thereby activating PKC. (v)
Dephosphorylation of activated cPKC allows it to regain the open conformation of unprimed
PKC. (vi) cPKC-ubiquitination leads to its degradation. (B) Life cycle model of nPKC. (i)
Unprimed nPKC is also in an open conformation that associates with membranes. (ii)
Priming Ps induce a closed conformation with both C1 domains masked. (iii) In response to
agonists that produce DAG, nPKC is recruited to and activated at the DAG-rich Golgi via its
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C1B domain. (iv) Activated nPKC is dephosphorylated, (v) ubiquitinated and degraded. (vi)
PKCS can also 